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Abstract 
 
The concept of a unique ceramifiable Ethylene vinyl acetate (EVA) based polymer 
composite was based on the incorporation of inorganic compounds such as 
aluminium hydroxide, calcium carbonate, muscovite mica, and calcined kaolinite 
within a 95% EVA/ 5% Polydimethylsiloxane (PDMS) polymer matrix such that upon 
heating to elevated temperatures of about 1000 oC, a solid end-product with ceramic-
like properties would be formed.  The ceramifiable EVA based polymer composite 
was  developed to be used  as electric cable insulation or sheath as the formation of 
a ceramic based material at elevated temperatures would provide flame retardant 
properties during fire situations.  The flame retardant properties at elevated 
temperatures would ensure that the insulation remains at such temperatures due to 
some of the properties of the resultant ceramic such as reasonably high flexural 
strength, high thermal stability, non-reactivity and high melting point.  During a fire 
this would ensure that flames would not be propagated along the length of the cable 
and also protect the underlying conducting wires from being exposed to the high 
temperatures of the fire.  Its application as a cable insulation also required that the 
material functions as a cable insulator under ambient temperature conditions where 
the ceramifiable polymer composite should retain certain polymer properties such as 
the post-cure tensile strength (MPa), degree of polymer elongation (%), thermal 
expansion, thermal slacking, limited oxygen index and electrical insulation.   This 
study made use of a composite experimental design approach that would allow for 
the optimization of the amounts of the additives in the ceramifiable polymer 
composite giving both the desired mechanical properties of the material under 
normal operating temperatures as a polymer and also as a ceramic once exposed to 
elevated temperatures.  The optimization of additives used in the ceramifiable 
polymer composite was done by using a D-optimal mixture design of experiments 
(DoE) which was analyzed by multiple linear regression. 
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The study showed that a suitable cable insulation/sheath could be developed by 
using an Ethylene Vinyl Acetate (EVA) based polymer composite which would form a 
ceramic product upon heating from ambient temperature to about 1000oC in air. This 
could be achieved by using at least 44% w/w, a 95%EVA / 5%PDMS polymer blend 
with the EVA copolymer having a 45% vinyl acetate (VA) content. The inorganic 
fillers could be included in different amounts to obtain an optimal post-cure tensile 
strength of the polymer or an optimal flexural strength of the heated ceramic. The 
additives could include at least 10.6% w/w calcium carbonate, 9.7% w/w aluminium 
hydroxide, 10.6% w/w muscovite mica and at least 9.0% w/w calcined kaolinite.  
Using a D-optimal mixture DoE with multiple linear regression analysis, the optimal 
amounts of the inorganic fillers and their interactions could be determined. 
 
Based on literature studies, the study also looked at including an additional additive 
of di-ammonium hydrogen phosphate. The results show that it was however not 
feasible to use such an additive in practical industrial applications. Since it showed 
partial decomposition upon heating to higher polymer curing temperatures, which 
was a disadvantage for further full scale manufacturing.  
 
The study made use of thermal gravimetric analysis (TGA), scanning electron 
microscopy (SEM) and in-situ powder X-ray diffraction (PXRD) to study the chemical 
changes in the polymer to ceramic transitions of the EVA/PDMS composite.   
 
The study further considered the feasibility of applying such a composite as an 
insulation/sheath onto a copper cable. The results show that by applying only a 
single polymer insulation/sheath onto a copper wire followed by its exposure to high 
temperatures, the copper wire would expand considerably more than the polymer / 
ceramic forming insulation/sheath. This would result in the ceramic formed 
insulation/sheath to crack, thereby reducing its insulation properties at elevated 
temperatures.  It was found that if a two-layered insulation/sheath could be used on 
the copper cable, the effect of the cracking ceramic upon heating would be reduced.  
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The cable insulation would consist of two layers with an outer layer made from the 
ceramifiable EVA/PDMS composite with optimized mechanical properties and an 
inner layer that was in direct contact with the conducting copper wires made with the 
same EVA/PDMS polymer composite, excluding the mica additive. This would result 
in the formation of a powdery ceramic product, on the inner layer, upon heating to 
elevated temperatures allowing the underlying copper wire to expand comfortably 
without coming into direct contact with the outermost ceramic layer of the insulation.  
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Chapter 1  
 
Introduction 
1.1 Background to polymers 
 
Polymers are macromolecules consisting of long chains that are made up of 
covalently bonded monomer repeat units.  The invention of synthetic polymers dates 
back to the late 1800’s.  The earliest recorded synthetic polymer to have industrial 
applications was the Bakelite. It was synthesized by Leo Baekeland (1863 - 1944) 
who found the polymer to have considerable hardness and high heat stability making 
it very useful in the manufacture of electric cable insulators (1). 
 
1.1.1 Properties of polymers in the solid state 
 
The chemistry and the properties of a polymer are very unique and differ significantly 
from that of its precursor monomer molecules.   A polymer in its solid state can be 
amorphous, where there are random arrangements of the polymer chains within the 
molecule, or it can display crystalline structural properties where the polymer chains 
are aligned in an ordered crystal packing arrangement within a unit cell.  Polymers 
usually do not show 100% crystallinity since the long polymer chains are flexible and 
elastic and as such they are generally reported to be semi-crystalline consisting of a 
mixture of amorphous regions with randomly arranged polymer chains and crystalline 
regions with the polymer chains arranged within a crystal packing in a unit cell (2, 
3)(Fig. 1.1.1).   
 
 
 
 
 
 
Figure 1.1.1:  Hypothetical representation of the semi-crystalline nature of polymers. 
Amorphous region 
Crystalline region 
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The semi-crystalline nature of a polymer has implications in other chemical 
properties of the polymer.  The amorphous regions within a polymer matrix become 
increasingly mobile with an increase in temperature and as a result an important 
thermal event that occurs in polymers is the glass transition temperature (Tg).  This is 
the temperature at which chain mobility is completely restricted and the polymer 
obtains glassy solid-like properties or alternatively it is the temperature at which the 
polymer changes from a hard and brittle state into a more viscous, or rubbery state.  
The Tg can differ significantly from one polymer type to another depending on 
chemical structural differences and presence of bulky groups in the polymer 
backbone (4).  This means that polymers can be tailor made to be used in a variety of 
applications that range from very cold conditions to very high temperature 
environments.  Table 1.1.1 shows Tg temperatures for some typical commercial 
polymers.  
 
Table 1.1.1:  List of averaged Tg values of some polymers  
 
Polymer  Tg (oC) 
Poly(vinyl chloride) (PVC) 80 
Poly(vinyl alcohol) (PVA) 85 
Low density Polyethylene (LDPE) -125 
Polystyrene 95 
Poly(vinyl acetate) (PVAc) 30 
 
The thermal behaviour of polymers is of interest in this study where their thermal 
decomposition at elevated temperatures and their flammability in the presence of 
oxygen are important in the application of insulation material for electrical cabling. 
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1.2 Thermal decomposition of hydrocarbon polymers 
 
In hydrocarbon polymers it is found that the properties that are affected by exposure 
of the polymer surface to increased heat, such as melting point, thermal conductivity 
and heat of combustion, have a combined effect that makes the polymer prone to 
rapid thermal decomposition.  Generally the thermal decomposition of hydrocarbon 
polymers is characterized by certain distinct decomposition steps.  The first step is 
the production of volatile gases such as gas molecules adsorbed onto the polymer 
surface or molecular groups that are weakly bound to the polymer matrix.  These 
readily dissociate from the polymer matrix leaving behind a charred polymer matrix.  
A further increase in temperature may then cause further decomposition where 
production of liquid products are formed which is typically observed in polymers that 
undergo dripping upon exposure to heat such as polyethylene.  Generally an 
increase in temperature beyond 600oC causes complete decomposition of most 
hydrocarbon polymers such as elastomers (5, 6).  At high temperatures (beyond 
600oC) it is also possible that a solid residue forms from the decomposition of the 
polymer matrix which consists of thermally stable solid products.  This is typically 
observed under inert atmospheric conditions where the formation of solid carbon 
(char) results from hydrocarbon polymer decomposition. The presence of oxygen, 
however, can lead to the combustion of volatile gas products which can occur near 
the surface of the polymer.  These reactions are exothermic, thus generating heat 
and also emitting combustion products such as carbon dioxide, water and carbon 
monoxide which may be coupled with smoke or soot.  The generated heat with the 
heat from the flame can then be fed back to the remaining polymer or char residue, 
further promoting its decomposition.  In such conditions it may be observed that a 
typical hydrocarbon polymer such as Ethylene vinyl acetate (EVA) would ignite 
thereby resulting in a self-propagating flame on the surface of the polymer.  This is 
typically observed during the combustion process where atmospheric oxygen is 
present where oxygen causes oxidative reactions between the fuel products and 
thus resulting in the production of a flame on the polymer surface (7).   
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A schematic representation showing the typical events during thermal decomposition 
of hydrocarbon polymers in the presence of oxygen is shown in figure 1.2.1 and can 
be considered as part of the inherent nature of hydrocarbon polymer’s flammability. 
 
 
 
 
 
Polymer 
 
 
 
 
 
Figure 1.2.1:  Flow diagram showing a generalized pattern of events during thermal 
decomposition of a hydrocarbon polymer.   
 
1.2.1 Flammability of polymers 
 
Polymer flammability is concerned with whether a polymer burns or ignites upon 
exposure to increasing heat and the self-propagation of the flame on the polymer 
surface.  The degree of polymer flammability can be used to classify it as being 
highly flammable, flammable or inflammable.  The criterion distinguishes between:  
(i) ignition time and/or temperature; (ii) burning characteristics e.g. colour of the 
flame, dripping, and longevity of burning; and (iii) evolution of toxic/corrosive gases 
or production of smoke during burning.  The burning characteristics of some 
commercial polymers is summarized in table 1.2.1 (4, 5, 8, 9). 
 
 
 
 
 
Non- and combustible  
volatile gases 
 
Liquid products & tars 
 
Solid ash/char residue 
Atmospheric 
O2(g) 
Δ 
Decomposition Flame 
CO2 + H2O + CO 
 
 
CO2 + H2O + CO 
 
CO2 + H2O + CO 
Exothermic (heat 
release) 
Heat feedback 
Endothermic 
(heat 
absorption) 
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Table 1.2.1:  List of polymers classified as highly flammable, flammable, inflammable 
or highly inflammable. 
 
Polymer  Flammability$ Burning characteristics 
Nitrocellulose 0 Does not burn 
Polyethylene  2 Burning coupled with dripping 
PVC and PTFE 1 Does not burn, produce toxic fumes (halogen gases HCl 
and HF) 
Acrylic polymers 3 Burning coupled with heavy smoke emission and 
excessive dripping 
$
 0 – highly inflammable; 1 – inflammable; 2 – flammable; 3 – highly flammable 
 
Highly flammable polymers present a lot of challenges in polymer-based materials 
where it can be found that a flame can be propagated along the surface of the 
material.  A typical example can be observed in the use of domestic electric cable 
systems which connect all the rooms in a house. During a fire situation, flames can 
be transferred along the cables from one room to another resulting in a localized 
small fire to spread relatively quickly throughout the whole house.  It is therefore 
important that polymer-based products such as cable insulations are tailored to be as 
close to being inflammable as possible in order to reduce the spread of flames in fire 
situations (10).  A lot of research and developmental work has gone into the use of 
flame retarding mechanisms to reduce the flammability of polymer-based materials 
used in cable insulations (11-14). 
 
1.2.2 Flame retardancy of polymers 
 
The decomposition process of polymers is generally dependent on the chemical 
structure and composition of the polymer matrix and the variety of additives used to 
impart flame retardancy.  The concept of flame retardancy deals with those 
mechanisms of the polymer that are either inherent or formulated onto the polymer 
matrix which can provide protection against the formation of self-propagating flames 
and reduce its thermal decomposition.    
6 
 
It is well known that halogenated polymers such as Polyvinylchloride (PVC) and 
Polytetrafluorethylene (PTFE), silicones, polymers with aromatic groups and amide 
polymers have higher thermal stabilities than most hydrocarbon polymers (5).  For a 
variety of applications, however, hydrocarbon polymers are more desirable to be 
used due to their ease of manufacturing, low cost and reduced environmental health 
hazards when compared to other high-performance polymers such as the halogen-
containing PVC and PTFE. The thermal decomposition of halogenated polymers is 
typically characterized by the production of toxic and corrosive halogen gases such 
as hydrogen chloride (HCl) and hydrogen fluoride (HF) from PVC and PTFE 
respectively. Silicones are typically undesirable due to the high costs required for 
their specialized processing equipment.  Aromatic polymers tend to burn with the 
formation of large amounts of smoke and soot (4, 8).   
 
Nonetheless, hydrocarbon polymers are prone to rapid thermal decomposition and 
burning as described in figure 1.2.1.  They can however be tailored to have improved 
thermal stabilities.  A typical method is increasing the production of a char/ash 
residue formed on the polymer surface during decomposition.  The char has been 
reported to form a layer on the outer surface of the polymer and has been shown to 
reduce the flammability and the rate of thermal decomposition of the polymer matrix.  
This would generally be due to the char layer acting as a mass barrier between the 
underlying intact polymer matrix and the fuel which consists of combustive volatile 
liquids and gases, near the decomposing surface and this mass barrier action would 
inhibit the fuel mixture from coming into contact with the intact polymer matrix.  
Increasing the amount char formed during combustion would therefore serve as one 
of the mechanisms that would be useful to effectively inhibit the formation and 
propagation of flames at the polymer surface and thereby assist in reducing the 
flammability of the polymer (15).  Studies have shown that the amount of char formed 
can be increased by incorporating into the polymer matrix certain inorganic and/or 
organic compounds such as phosphates in proportions that will give desirable 
thermal behaviour or reduced flammability, but still retain the polymer’s inherent 
properties of flexibility and relevant mechanical properties (16, 17).   
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Other additives can have different mechanisms with which they would impart flame 
retardancy or improve the thermal stability of hydrocarbon polymers. 
 
1.2.3 Flame retarding mechanism of inorganic fillers within a polymer matrix 
 
Inorganic fillers that undergo endothermic reactions upon exposure to heat, such as 
dehydration, decarbonation, and deamination are commonly used to aid flame 
retardancy in polymers.  These have been mixed into polymers such as polyethylene 
to polycarbonates where their endothermic reactions upon heating have been 
reported to assist in the removal of excess heat at the polymer surface, therefore 
resulting in a “cooling” effect which assists in reducing the rapid decomposition of the 
intact polymer matrix (18, 19).  The decomposition of metal hydroxides within a polymer 
matrix is furthermore accompanied by the release of water molecules in the gas 
phase which exerts a diluting effect on the amount of combustive volatile gases 
generated in the gas phase of the decomposing hydrocarbon polymer.  This diluting 
effect has been described to possibly lower the concentration of the combustive gas 
products and hence reduce the chances of flame production near the surface of the 
polymer (20). 
 
In a study on the use of aluminium- and calcium-based inorganic fillers on their 
potential flame retarding properties on High Density Polyethylene (HDPE) 
applications it was found that the HDPE formulations which contained inert or non-
reactive fillers such as diatomite, kaolin, and wollasonite had improved resistance 
towards the onset of thermal oxidation compared to unfilled HDPE.  It was further 
shown that these fillers imparted a delaying effect on the rate of thermal oxidation by 
increasing the activation energy of HDPE thermal oxidation from 71.8kJ/mol for 
unfilled HDPE to 264.2kJ/mol in HDPE/kaolin formulation (6).   
 
There are a selected number of potential fillers or flame retardant inorganic 
compounds that can be used in polymeric materials and some typical compounds 
are summarized in table 1.2.2.   
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Table 1.2.2:  List of the most commonly used fillers in flame retardant polymer 
formulations 
 
Filler Filler types used in polymers 
Metal hydroxides 
Metal carbonates 
Metal/Non-metal oxides 
Mineral silicates 
Inorganic phosphates 
Al(OH)3, Mg(OH)3, and Ca(OH)3 
CaCO3 
CaO and SiO2 
Mica, and kaolin 
Ammonium polyphosphate 
 
Most hydrocarbon polymers are known to undergo complete decomposition of the 
polymer matrix at temperatures lower than 700 oC but the temperatures experienced 
in fires can be found to be at least ~1000oC.  It is therefore a challenge to develop 
flame retardant polymer-based materials that can operate at elevated temperatures, 
such as electric cable insulations, which would require the use of polymer 
composites that can be tailored to achieve high thermal stabilities or fire protective 
properties.  Previous studies have proposed the concept of ceramic-forming polymer 
composites as fitting to achieving fire protective properties in electric cable 
insulations (21-24).  
 
1.3 Flame retardancy of polymer-based materials at elevated temperatures 
1.3.1 Ceramic-forming polymers 
 
In ceramic-forming polymers the objective is to form a ceramic-like protective layer 
on the polymer surface during thermal decomposition and also form a final solid 
product with ceramic properties upon the complete decomposition of the polymer 
matrix.  The ceramic layer formed on the polymer surface has been reported to 
provide insulatory properties from the heat generated in the fire and reduces the rate 
of decomposition of the polymer matrix (24).   This type of flame retardancy is due to 
the high thermal stability and the non-reactive nature of ceramic compounds at high 
temperatures (~1000oC).   
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It is well-known in solid-state chemistry that the exposure of certain inorganic solid 
compounds to increasing heat, such as metal hydroxides, silicates, metal carbonates 
and metal oxides, can cause the compound to undergo a variety of reactions and 
transformations such as crystallization, melting, solid-solid chemical reactions, solid-
gas reactions and solid-liquid reactions (25, 26).  These events are the basis for the 
formation of crystalline products and ceramics at high temperatures.  A ceramic can 
be considered as an inorganic material made up of ionically and covalently bonded 
atoms or molecules.  Typically ceramic compounds contain small crystals of 
hydrated aluminium-silicates, i.e. compounds that contain Al2O3, SiO2 and H2O 
molecules in varying amounts. The presence of water molecules is typically 
observed in ceramics that are formed at room temperature.  Those that form at 
elevated temperatures are generally found not to contain water molecules.  Ceramic 
materials have distinctive properties such as: 
 
 Very high melting points (well over 1000oC) 
 High chemical stability 
 High hardness and stiffness (high brittleness) 
 Porous microstructure 
 
Due to their high thermal stabilities, ceramics have had extensive use in the 
manufacture of furnace linings and containers which can be used to carry out high-
temperature reactions (25, 26). 
 
The high thermal stability can be exploited to formulate “ceramifiable” polymer 
composites that can withstand temperatures as high as 1000oC. 
 
1.3.1.1 Ceramifiable silicone-based polymer composites 
 
The development of ceramifiable polymer composites, for electric cable applications, 
has been mainly investigated on silicone-based polymers (21-23, 55, 65).   
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Studies on the thermal behaviour of silicones in air have shown most silicones, such 
as polydimethylsiloxane (PDMS), to only undergo thermal decomposition at 
temperatures above 300oC (27).  In polymers, this is considered to be a relatively high 
thermal stability and in PDMS it is attributed to the Si-O bonding of the silicone 
backbone chain (28).  Also the decomposition of silicones is accompanied by the 
formation of solid ceramic-like silica (SiO2) residue at approximately 500
oC which is 
formed towards the outer surface of the polymer matrix during its thermal 
decomposition.  This has been reported to be caused by thermal oxidation reactions 
that take place between short-chain gas products, formed during degradation, and 
atmospheric oxygen.  The silica forms a solid skin layer on the surface of the 
polymer matrix which acts as a heat barrier and reduces the rapid generation of 
combustive volatile by-products by acting as a mass barrier and assists in preventing 
the underlying and intact polymer being exposed to the increasing heat of the flame 
(29, 30).  At about 1000oC only a residue of SiO2 powder remains as the end-product. 
 
The typical thermal decomposition of silicones has thus provided ideal characteristics 
for the development of tailored “ceramifiable” polymer composites.  The SiO2 layer 
has, however, been reported to be formed in a powdery and amorphous state which 
readily disintegrates and thus does not form a continuous and compact solid layer.   
As a result, the use of silicone alone was found not to be ideal for applications where 
a certain degree of mechanical integrity was also required, such as in electric cable 
insulations. 
 
Certain inorganic solids such as muscovite mica have been shown to reinforce the 
mechanical properties of the silica layer upon their incorporation into a silicone 
polymer matrix.  Hanu et al (21) showed that the ceramic properties of the silica 
residue formed upon the thermal decomposition of a silicone polymer formulation, 
could be improved by the addition of muscovite mica which was described by the 
formation of a eutectic reaction between the SiO2 particles, from the decomposed 
silicone matrix, and the potassium and aluminium oxide phases from the muscovite 
mica.   
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This reaction was shown to be characterized by the formation of a liquid phase due 
to melting of the solid particles at high temperatures.  Upon cooling to ambient 
temperature, it was found that a porous, intact, and strong solid ceramic material was 
formed.  Another related study by Mansouri et al. (55) showed the formation of a 
ceramic product during combustion of a silicone/mica polymer composite which was 
found to form a skin-like layer on the outer surface of the silicone polymer at about 
600 oC.  A schematic representation of the formation of the ceramic skin layer is 
shown in figure 1.3.1. 
 
 
 
 
 
 
 
                      +             
 
 
 
Figure 1.3.1:  Schematic diagram showing a generalized mechanism for aiding flame 
retardancy in silicone/mica polymer composites through the formation of a ceramic-like skin 
on the polymer surface during thermal decomposition. 
 
There have also been other filler systems that have been found to yield similar 
results with respect to the reinforcement of the silica ash formed during thermal 
decomposition of silicone.   In a study by Hamdani et al (22), the incorporation of 
calcium- and aluminium-based inorganic fillers showed how a solid skin layer with 
ceramic properties could be formed upon heating silicone formulations to 
approximately 1000oC.  In silicone/CaCO3 composite samples, it was found that at 
temperatures higher than 500oC, silica (SiO2) particles were observed on the silicone 
polymer surface whereas the CaCO3 decomposed to CaO and CO2 at about 600 
oC.  
Ceramic skin forms on 
outer surface, protecting 
underlying polymer matrix 
from intense heat and rapid 
decomposition 
Layered silicate particles e.g. mica 
Polymer matrix  
Pre-mixing and 
vulcanization/curing 
Post-cured 
Polymer/silicate 
composite 
Ceramic formation at 
elevated temperatures 
150-190
o
C ~600
o
C 
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At approximately 800oC, CaO and SiO2 were found to undergo a chemical reaction 
resulting in the formation of either CaSiO3 (Wollasonite) or Ca2SiO4 (Larnite).  The 
resultant ceramic residue from the decomposition of the formulation was found to 
have better mechanical properties such as flexural strength and also a continuous, 
compact ceramic skin layer was formed compared to the use of silicone alone.  The 
observed ceramic properties were attributed to the formation of the two silicate 
products due to the reaction of SiO2 and CaO at 800
oC instead of SiO2 alone in 
unfilled silicone. 
 
The use of silicone as the base polymer for making cable insulation at the industrial 
scale is unfavourable due to the high production costs associated with silicone 
processing.   A desirable approach would be the use of a hydrocarbon base polymer 
and a filler system that would form a ceramic product with good thermal and 
mechanical properties, which is the basis of this study. 
 
1.3.1.2 Ceramifiable hydrocarbon polymer composites 
 
Unlike the silicone based polymer formulations, hydrocarbon polymers undergo rapid 
thermal decomposition during combustion and that the organic material will most 
likely undergo complete decomposition to combustion gas products such as carbon 
dioxide, water, and carbon monoxide (CO2, H2O, and CO respectively).   Most 
studies carried out on ceramic-forming polymers have been shown to require a 
“precursor” polymer such as silicone which would form a solid residue, upon 
combustion, and could be reinforced with other inorganic fillers such as muscovite 
mica to obtain desired ceramic properties (12, 21). 
 
Recent studies such as the filed US patent (US200702246240) (24) have shown that 
a variety of other polymers could possibly be also used as base polymers in a 
ceramifiable polymer composite.  The patent described a wide range of ceramic-
forming polymer composite where the base polymers were different types of 
elastomers and thermoplastics such as polyethylene and polyvinyl chloride.   
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The main features described in order to obtain a ceramifiable polymer composite 
were emphasized for the type of filler system used rather than the importance of the 
type of base polymer.  In summary, the requirements that were emphasized in the 
Patent were as follows: 
 
 There must be an inorganic phosphate with a melting point not greater than 
800oC. 
 A mineral silicate in the alumino-silicate, alkali alumino silicate and 
magnesium silicate groups. 
 Inorganic fillers from each of the metal hydroxide, metal carbonate, and metal 
oxide groups. 
 The composition must not contain any intumescing agents such as melamine-
containing molecules. 
 The base polymer can be any hydrocarbon polymer such as thermoplastic, 
thermoset, and elastomer polymers. 
 Polymer blends containing a silicone polymer can be used.  The hydrocarbon 
polymer to silicone content would preferably be 5:1 to 2:1.  Prevention of high 
silicone content is advised due to processing problems that may be 
encountered on an industrial scale production. 
 
These requirements showed that the development of a “ceramifiable” polymer 
composite was mainly based on the chemistry behind the formation of the ceramic 
product upon heating the composite to elevated temperatures and not so much on 
the use of a “precursor” base polymer.  The inorganic filler compounds added to the 
composite have specific functions, discussed in chapter 1.3.4, necessary to the 
formation of a ceramic product with desirable properties such as high thermal 
stability, formation of a ceramic skin layer during polymer decomposition, and the 
formation of a self-supporting ceramic product. 
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1.3.1.3 Filler properties important for ceramic formation within a polymer 
matrix 
 
A typical mechanism observed during ceramic-formation was described to have 
three general stages, namely: (i) formation of a liquid phase; (ii) gas-phase 
entrapment; and (iii) solidification to form the final ceramic product.  Formation of a 
liquid phase is important for facilitating the thermal reactions that can occur between 
the specific fillers present in the formulation.  These reactions lead to the formation of 
crystalline products which will form part of the final ceramic product.  In the filed US 
patent (24) the formation of a liquid phase was reported to occur through the melting 
of the inorganic phosphate at about 800oC.   
 
The liquid phase is also important for facilitating solid-gas reactions between gases 
generated by gas-releasing compounds (e.g. metal hydroxides, and carbonates).  
The gases are dispersed in the liquid phase and, upon formation of the final ceramic, 
appear as micro pores on the surface of the ceramic product.  The solidification of 
the ceramic product occurs at high temperatures where it occurs through the solid-
solid reactions of the decomposition products of the various fillers that lead to the 
strengthening of the final ceramic product (26). 
 
In some segments of industry the development of flame retardant polymers is a key 
factor in ensuring safety against relevant fire situations.  Such industries include 
transportation, building and electrical industries which have extensive use of 
polymer-based products (electric cable insulations, firewall linings in vehicles, 
ceilings, linings in building ducts, window and door seals).   
 
A typical commercial ceramic-forming polymer composite, shown in figure 1.3.2, was 
manufactured by an Australian company, Olex ®.  This was a Polyvinylchloride 
(PVC) based composite which formed a ceramic upon exposure to temperatures as 
high as 1000oC.    
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Figure 1.3.2:  An example of a commercial ceramifiable electric cable insulator manufactured 
by Olex ® at room temperature (right) and after heating to 1000oC (left). 
 
It can be seen that the cable insulation is made up of two layers, with the 
composition of the outer layer, as shown with ATR-FTIR and PXRD analyses of both 
layers in Chapter 3.10.1, being made up of a ceramic-forming PVC composite and 
the inner layer made up of unfilled silicone.  Upon exposure to intense heat both 
layers undergo a ceramification process with each layer forming a ceramic-like end-
product, whilst on the other hand the underlying copper conducting wires undergo 
thermal expansion along its length.  The outer layer forms a strong and compact 
ceramic while the inner silicone layer forms a powdery ceramic product.  The 
powdery ceramic product on the inner layer allows for the thermal expansion of the 
conducting wires at elevated temperatures and also prevents them coming in direct 
contact with the outer, more compact ceramic layer and thus the effect of the friction 
which could be caused by the expansion of the conducting wires becomes reduced 
at the outer layer preventing its surface from cracking.  The Olex ® ceramifiable 
cable insulation is a good example of the usefulness of such polymer composites 
that can aid flame retardancy at high temperatures. 
 
The aim of this study was to develop a suitable low cost ceramifiable polymer which 
could withstand the effects of rapid increases in temperature encountered during fire 
situations.  There has been no recording of the manufacturing of a ceramifiable EVA-
based composite product in the local South African electric cable industry.   
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In this study, the development of a ceramifiable polymer composite was investigated 
using local inorganic filler compounds in the mineral silicate, metal hydroxide, metal 
carbonates, and inorganic phosphate groups.  The polymer of interest was Ethylene 
vinyl acetate (EVA) copolymer with 45% w/w vinyl acetate (VA) content under the 
trademark name Levapren®. 
 
1.4 Development of a local EVA based ceramifiable polymer composite 
 
1.4.1 Properties of EVA in the solid state 
 
EVA copolymers find a wide range of applications in industry such as adhesives, 
water proofing and electrical insulating jackets (31).   
 
The chemical structure of EVA copolymers (Fig. 1.4.1) is made up of an ethylene 
component (-CH2-CH2-) that is bonded to a vinyl component (-CH2-CH-) which 
contains an acetate group (-OOCH3).  These form two units which are repeated to 
form the higher polymer. 
 
 
Figure 1.4.1:  Chemical structure of EVA copolymer repeat units. 
 
The types of EVA that are manufactured mainly differ by the content of the VA group 
in the copolymer.  The VA content can be as high as 50% w/w which has a 
significant influence in certain properties of the EVA copolymer such as crystallinity.  
A low VA content in EVA results in a higher degree of crystallinity than in EVA with a 
high VA content.  An EVA copolymer with 50% w/w VA content is amorphous (31).  
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The ability to easily vary the VA content, from low to high, has important implications 
as EVA copolymers can be tailor made to attain rubber properties or high crystallinity 
such as in thermoplastics and plastics.  The property of changing the crystallinity of 
EVA for it to attain rubber properties coupled with its low cost of manufacturing 
makes it ideal as a substitute for more expensive rubbers and thermoplastics 
commonly used in applications such as electric cable insulation coatings.   
 
1.4.2 Thermal properties of EVA 
 
The thermal properties of EVA such as melting and glass transition temperature 
have also been shown to be dependent on the VA content of the copolymer.  
Generally the melting point of EVA increases with decreasing VA content.  Table 
1.4.1 shows the typical melting points of some commercial EVA brands of Elvax® 
Grade which have differing VA content. 
 
Table 1.4.1:  List of commercial EVA copolymers with varying VA content showing 
the differences in melting point with respect to %VA (32). 
 
Elvax® Grade % VA (w/w) Melting point (oC) 
40W 40 47 
150 32 63 
265 28 75 
360 25 78 
460 18 88 
660 12 96 
760Q 9 100 
LPDE 0 110 
 
EVA copolymers have low thermal stability and are flammable in an oxidative 
environment.  EVA copolymers decompose in two major steps upon exposure to 
increasing heat.   
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In the initial stages, there is a release of acetic acid gas caused by the de-acetylation 
of the acetate group from the main chain (33).  Allen et al. (33) further described the de-
acetylation step to be followed by the production of a wide range of products such as 
hydroxyl/hydroperoxides, a mixture of carbonyl products (ketones and α,β-
unsaturated groups), lactones, and a mixture of substituted vinyl products.  The 
presence of acetic acid and hydroperoxide species was described to further lead to 
rapid decomposition of the remaining EVA matrix as the acid, similar to PVC thermal 
decomposition, was observed to accelerate the decomposition of the polymer, whilst 
on the other hand hydroperoxide species undergo an auto-oxidation process. 
 
The low thermal stability of EVA copolymers limits their use in applications where 
high flame retardancy is required.  The thermal stability and flammability of EVA can 
be improved by incorporation of certain inorganic filler compounds within the polymer 
matrix. 
 
1.4.3 Inorganic fillers used in flame retardant EVA composites  
 
Certain inorganic filler compounds, such as metal hydroxides (Mg(OH)3 and Al(OH)3) 
and intumescing systems composed of a mixture of ammonium polyphosphate, 
pentaerythritol and melamine, have been shown to improve the flammability of EVA 
copolymers (34-36).  Some of the disadvantages to using such flame retardants are 
that the use of metal hydroxides was found to require high filler loadings to the 
polymer matrix for them to be effective as flame retardants.  The use of an 
intumescing system, on the other hand, was observed not to provide good 
mechanical properties at high temperatures since it functions by producing an 
“organic foam” which would extinguish a flame at high temperatures.   
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For purposes of applications in cable insulation, an alternative to such flame 
retardant systems can be the development of a ceramifiable EVA copolymer 
composite as the ceramic product formed during combustion not only has flame 
retardant properties but also provides good mechanical strength properties which are 
desired at high temperatures. 
 
The flame retardancy of the cable insulation is not the only property that is essential 
to the proper functioning of an industrially applicable cable.  There are also other 
properties such as post-cure tensile strength and elongation at break, and the 
limiting oxygen index (LOI) which is a measure of the flammability of the polymer 
composite.  The ceramifiable composite is therefore required to meet the specified 
standards with respect to each of these properties.  It is therefore desirable that the 
composite should be developed such that all the relevant physical and chemical 
properties are maximized or optimized.  Optimization of a mixture system such as a 
polymer composite can be obtained through the use of a statistical experimental 
mixture design.  
 
1.5 Experimental design and multiple regression analysis 
 
An experimental design is a set of pre-defined experiments which are obtained from 
a detailed and systematic experimental set-up.  It is used in cases where a set of 
independent variables have simultaneous effects on a given outcome/result/or 
response such as in mixtures, separation processes, chemical processes and 
reactions (37-39).  Table 1.5.1 summarizes some of the effects which may act 
simultaneously in mixtures, separation, and chemical processes.   
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Table 1.5.1:  List of independent variables and response variables common in 
mixtures, separation and chemical processes. 
 
System Factors Response 
Mixture 
 
 
Separation processes 
 
 
Chemical reactions 
 
Component 
quantities/amounts, 
component types 
 
Solvent type and miscibility 
(liquids), particle size (solids) 
 
Catalyst, temperature, reagent 
concentration, diffusion rate 
(gases) 
Tensile strength (polymer 
composites) 
 
Separation time 
 
 
Reaction rate 
 
1.5.1 Types of experimental designs 
 
There are 3 general types of experimental designs, namely:  Screening designs; 
Response surface; and Mixture designs.  Screening designs are mainly used for 
identifying the factors that have the most significant effect on a response.  Such 
designs make use of a two-level approach where each factor is set at a high (+1) and 
a low (-1) level.  The +1 and -1 levels are set at the extremes of the particular factor, 
for example the use of two different types of catalysts in a chemical reaction.  
Response surface designs, on the other hand, generally make use of three levels 
which consist of high (+1), mid-point (0) and low (-1) levels.  These design types find 
use in identifying the level(s) with the most significant effect on the response, for 
example a chemical reaction rate might be found to proceed faster at 100oC and 
200oC than at 50oC.  Mixture designs are a type of response surface design used to 
monitor the behaviour of factors that are in a mixture, where each factor is a fraction 
of a unified whole. 
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1.5.2 Construction of an experimental design 
 
An experimental design consists of a reduced number of experiments which are 
sufficient enough to give an accurate representation of the relationship between a set 
of independent factors and a specified response.  This, therefore, limits the number 
of experiments to be performed to only those that will show significant effects on the 
response and eliminates unnecessary experiments from being performed.  This 
makes the use of experimental design for analysis of mixtures and for optimization 
purposes very useful as only a small number of experiments are required to obtain 
maximum information.  The construction and selection of the set of experiments that 
will form part of the design involves many steps where mathematical equations and 
matrix algebra are applied to arrive at the full experimental design.  In figure 1.5.1, a 
brief summary of each step involved in design construction to give the final 
completed experimental design is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.1:  Summarized steps involved in construction of an experimental design. 
 
Set experimental limits 
Select step-size or 
stepwise  
“Primary” matrix constructed 
“primary” and subsequent 
matrices reduced  
Screening of 
experimental domain 
Experimental design 
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The first step is where the factors are “screened” in order to identify those which 
have significant effects on the response.  Also the relationship between the 
significant factors and the response is computed as an empirical mathematical 
function.  This step is then followed by selecting a set of constraints or limits for each 
of the factors.  For example in a mixture the total composition cannot exceed 100%, 
thus each factor can only obtain a limited quantity/value or range.  Using the 
information obtained from the screening experiments or theoretical knowledge of the 
process, a step-size is created.  This is the change of a factor’s quantity or 
composition that will cause a significant effect on the response.  For example in 
some solvent based separation processes, a 0.1 difference in pH units can cause 
significant changes in the separation process and therefore 0.1pH units would then 
be used as the step-size for construction of an experimental design.  Using the step-
size, all possible data points are calculated and placed into a matrix.  Each column in 
the matrix represents the varying quantities/compositions of a factor within a certain 
range and each row represents a complete experiment or formulation/recipe (in 
mixtures).  This “primary” matrix is then reduced such that all the unnecessary data 
points and experiments are eliminated.  The reduction of the matrices makes use of 
a series of matrix algebra and the empirical mathematical function obtained from the 
screening experiments.  One specific type of experimental mixture design, the D-
optimal mixture design, makes use of a D-criterion to construct the final experimental 
design of a mixture process (40-42).  The data points in the final reduced matrix are 
placed systematically in an experimental design.  Also included into the design are 
replicas of some of the experiments of no less than five.  To complete the design, the 
experiments are randomized as this statistically allows elimination of bias and 
ensures the computation of valid sampling errors. 
 
The actual experiments in the design are then performed by the researcher and the 
data collected analyzed using statistical methods such as multiple linear regression, 
and Ordinary Least Squares (OLS) regression which can be found in Microsoft Excel 
and STATISTICA. 
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The application of experimental design to the current study was based on the 
optimization of three properties of the ceramifiable EVA copolymer composite, 
namely the post-cure tensile strength and degree of elongation of the polymer and 
the flexural strength of the ceramic product formed upon heating the composite to 
1000oC. 
 
1.5.3 Experimental design for a unique EVA ceramifiable composite 
 
The development of a ceramifiable ethylene vinyl acetate (EVA) based polymer 
composite forms part of a broader objective of the manufacturing of a local, cost 
effective, and simple electric cable insulation that has good fire protective properties 
such that it continues to function during its exposure to a fire situation.   This would 
ensure that emergency electrical appliances such as sprinkler systems, alarms and 
electric doors continue to work as the cable is able to transmit electricity during the 
fire. However there are other considerations to take into account.  Firstly ceramic 
properties such as flexural strength must be tailored to meet the high temperature 
demands encountered in a fire, i.e. the ceramic should have considerable strength.  
Also the ceramifiable composite must retain most of its plastic properties at normal 
operating temperatures which include tensile properties such as post cure tensile 
strength and percentage elongation at rupture.  In this study, three of the properties 
were focused on, namely the post cure polymer tensile strength and degree of 
elongation at room temperature and the flexural strength of the ceramic product 
which is a measure of its break strength.  According to the local cable industry 
partner’s specifications and requirements for such a product,  a post cure tensile 
strength of 8-10 MPa with an  elongation at break between 300 – 350 % and also a 
ceramic flexural strength from 0.5-2 MPa were required to make the cable insulation 
feasible for industrial application. Other cable insulation/sheath properties were also 
investigated such as its limiting oxygen index (LOI) and thermal expansion upon 
heating. These however were not included as a response factor in the design, and 
only done on selected samples that would show if the final optimized samples would 
comply within these required specifications.   
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Their exclusion from the design was observed in screening experiments were it was 
found that the ratios of the raw materials within the prepared composites or the step-
size selected to construct each design only showed significant variations in the 
tensile properties (responses) and the variations observed on both LOI and thermal 
expansion were very minimal or insignificant. There are a number of other cable-
insulation/sheath specifications that the material would have to be tested for, before 
it could be considered as a commercial product. These however would have to be 
done on prototype extruded samples onto actual copper cables where the insulated 
cable would be subjected to its electrical insulation properties both at room 
temperature and under a flame test.  
 
1.5.4 Statistical analysis of an experimental design 
 
To meet the set of requirements for flexural and tensile strength properties, an 
experimental design approach was used to formulate a ceramifiable EVA composite 
that will have optimized properties for tensile and ceramic flexural strength.  The 
variables and their respective concentrations are shown in table 1.5.2.   
 
Table 1.5.2:  An outline of the independent variables, pre-determined concentration 
constraints and responses for the ceramifiable EVA composite. 
 
Independent variables  Concentration 
constraints (%w/w) 
Responses  
Upper limit  Lower limit  
A 95%EVA/5%PDMS 
polymer 
56.7 44.0 Polymer tensile strength 
(MPa) 
B Muscovite mica 18.0 10.6 Ceramic flexural strength 
(MPa) 
C Calcined kaolinite 13.0 9.0 Polymer elongation (%) 
D CaCO3 15.4 10.6  
E Al(OH)3 13.0 9.7  
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The objective was then to optimize the variable concentrations in the composite in 
order to obtain tensile and flexural strength values which lie within the industrial 
specifications.  Analysis and optimization of the experimental design was achieved 
by using statistical multiple regression analysis techniques. 
 
1.5.4.1 Multiple linear regression analysis 
 
In multiple linear regression, as described in statistics student notes compiled by 
Bosma (43), the objective was to fit a mathematical model, such as a linear equation, 
which can be used to describe the relationship between the independent variables 
and the response.  The best fit model is obtained by applying Ordinary Least 
Squares (OLS) analysis to the experimental data collected by the researcher. 
The general model for the ceramifiable EVA composite is shown in equation 1.1: 
 
  (1.1) 
 
Yi:  dependant variable (response) – tensile and flexural strength 
A-F: independent variables.  Each letter denotes the corresponding component in the 
EVA composite. 
β0: intercept  
β1-β6:  coefficients representing the rate of change or gradient with respect to its 
variable 
εi:  error or residual associated with variations in Yi  
 
The composite consists of 6 variables and these can interact with one another where 
one variable affects the functioning of another variable at different levels or 
concentrations. This possible occurrence of interaction effects between the variables 
must be taken into consideration; hence the introduction of more terms based on the 
level of the interactions as shown in equation 1.2: 
 
  (1.2) 
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The coefficients (β0-βn) are the unknowns and hence must be estimated using the 
experimental data (response values and variable concentrations) collected by the 
researcher.   
The most commonly used method to estimate β0-βn values is Ordinary Least 
Squares (OLS).  This is based on obtaining the minimum sum of the squared errors 
(SSE) using equation 1.3: 
 
 
-   (1.3) 
 
The coefficients and response for the estimated parameters are denoted by b i and Ŷi 
respectively and the model becomes: 
 
   (1.4) 
 
The residual term cannot be obtained from equation 1.4 since the estimated 
coefficients (bi) are not equal to the true coefficients (βi) and therefore the residual 
term is estimated using equation 1.5 where it is obtained by subtracting the predicted 
response from the measured or experimental response value: 
 
-    (1.5) 
 
Using OLS, The best fit model to the experimental data is then obtained when the 
sum of the estimated residuals approximately equals zero: 
 
-   (1.6) 
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1.5.4.2 The 95% confidence and prediction intervals of the estimated values 
 
The values obtained for bi are only estimates of the true values of βi and therefore 
there must be an interval within which the true value lies.  This is obtained by 
calculating (1-α) x 100% confidence intervals for the true coefficients, where α is the 
significance level which is usually set to 5% or 0.05.  The confidence intervals are 
calculated from the standard deviations of the residuals and a t-statistic associated 
with the number of coefficients being estimated: 
 
-
-
  (1.7) 
 
Se:  residual standard deviation 
n:  sample size 
k:  number of coefficients to be estimated 
Yi:  experimental response value 
Ŷi:  estimated response value 
 
  (1.8) 
 
SSEi is the residual sum of squares from the regression of the individual variables 
(A-F) which measures the variation in each variable.  Generally the confidence 
intervals for the coefficients are obtained from the equation: 
 
-
-
  (1.9) 
 
The value of the t-statistic (t) is obtained from a t-distribution table (43). 
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Equation 1.9 shows that the value of βi can be found to be negative or positive.  Most 
importantly it is possible that a confidence interval can pass through zero, for 
example: 
 
 
 
 
When the 95% confidence intervals pass through zero, it means that it is possible 
that the true value of the coefficient (βi) can be zero and therefore possible for the 
independent variable associated with the particular coefficient to have no effect on 
the response. 
 
The prediction intervals of the estimated response values (Ŷi) are calculated using 
equation 1.10 and give the uncertainty levels of the Ŷi values. 
 
-
  (1.10) 
 
In multiple regression analysis for an experimental design, the objective is to obtain a 
refined mathematical model that is as accurate as possible to representing the actual 
relationship between the variables and the response.  The refinement of the model is 
obtained by eliminating those terms (in equation 1.2) found to be insignificant or 
alternatively have confidence intervals that pass through zero.  The p-value is used 
as a measure of whether an estimated value is significantly different to zero. 
 
1.5.4.3 P-value and hypothesis testing 
 
To test whether an estimated coefficient is significantly different to zero or not, a null 
hypothesis (Ho), which states that bi = 0, is used.  The null hypothesis can either be 
accepted or rejected.  The decision to accept or reject the null hypothesis depends 
on the p-value.  In most cases, 95% confidence intervals are used in multiple 
regression, which means that the cut-off p-value would be 0.05.   
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The meaning of a p-value of 0.05 is that the null hypothesis (Ho) can only be rejected 
if the p-value associated with bi is less than 0.05 and it cannot be rejected if the p-
value exceeds 0.05.  Generally the conditions for accepting or rejecting a null 
hypothesis using p-values are shown in figure 1.5.2.  
 
 
Figure 1.5.2:  Scale bar for the p-value. 
 
The use of p-values also forms part of model refinement in order to obtain the best fit 
model which best explains the experimental data. 
 
1.5.4.4 Statistical validation of the model 
 
Validation is carried out in order to compare the model prediction with experimental 
data.  For all experimental data, there is a random error associated with the 
magnitude of a given variable which can be represented by a simple expression of:   
 
 
 
These random errors give experimental values that lie on either side of the true value 
and can be representative of the standard deviation.  Similarly there is a random 
error associated with predicted values of a model.  The error in predicted values 
results from the standard error or the estimate of the standard deviation of the 
estimated values obtained by OLS analysis.  Therefore both experimental data and 
model output data are random variables.  Random errors are under the rules of 
probability laws which are used to determine the extent of these errors within a 
specified probability or uncertainty, such as using confidence intervals.   
Reject Ho Cannot reject Ho 
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Statistical distribution methods such as normal distribution of means and standard 
residual versus predicted response plots can be used for purposes of model 
validation by showing the extent of the distribution of errors/residuals. 
 
1.5.4.4.1 Normal distribution of errors at 95% confidence intervals 
 
The first step to model validation is that the residuals must follow a normal 
distribution within specified confidence intervals.  A representation of the distribution 
of the errors can be obtained by constructing a frequency table for the residuals and 
subsequently plotting a frequency graph, such as a histogram.   The histogram can 
be superimposed onto a normal distribution graph to determine the extent of the 
distribution in the residuals.  An example of this is shown in figure 1.5.3. 
 
 
Figure 1.5.3:  Hypothetical histogram showing a typical normal distribution curve. 
 
The consequence of normally distributed values is that the majority of values lie 
within the probability intervals (95% confidence intervals) or between the -2σ to +2σ 
interval and that only a few of the values lie outside of this interval.  Those values 
which are outside the -2σ to +2σ interval represent the outliers of the experimental 
data.  A large number of outliers can be an indication of faulty data, erroneous 
procedures, or show that a model is not valid for a given set of data.   
-2σ 2σ 
σ – Standard 
deviation 
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In the analysis of data points contained within an experimental design, the use of a 
distribution curve is the first step towards identifying possible outliers in the data and 
rendering a set of data either as being statistically relevant or not.  The second step 
in model validation and identification of outliers involves the use of a scatter plot of 
standard residuals versus predicted response. 
 
1.5.4.4.2 Scatter plots – standard residuals versus predicted response 
 
Residuals can be “standardized” using equation 1.11: 
 
  (1.11) 
 
The standard residuals versus predicted response plot is a good method for 
detecting outliers.  An example is shown in figure 1.5.4. 
 
 
 
Figure 1.5.4:  Hypothetical graph for standardized residuals versus predicted response. 
 
Standard residuals which lie outside the -2 to +2 range, are considered to be outliers 
and furthermore the distribution of the standard residuals around the zero line is 
important.  The standard residuals are required to be distributed randomly on either 
side of the zero line as this would indicate that the variance of the residuals is the 
same at all levels of the response variable.   
S
ta
n
d
a
rd
 r
e
s
id
u
a
ls
 
Predicited response 
2 
-2 
Outliers  
Outliers  
Zero line 
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If they follow a clear pattern around the zero line, then this would indicate that the 
residuals or errors observed in the response are related to the values of the 
independent variable(s), a feature which should be avoided when using OLS 
analysis. 
 
Once the model has been validated and satisfies the conditions for each validation 
method, it can then be used to predict the response at all possible levels of the 
variables, within the specified limits or constraints.   
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Chapter 2  
 
Experimental 
 
The instrumentation, for sample preparation and material testing, and analyses used 
throughout the study were based on the characterization of the chemical and 
physical properties of ceramifiable EVA/PDMS composites and the optimization of 
the polymer tensile properties (ultimate tensile strength and % elongation at break) 
and ceramic strength using an experimental design approach.  In this chapter, 
descriptive information of sample preparation, material testing procedures and the 
relevant analytical techniques are given along with detailed descriptions of how 
multiple regression analysis was used to analyze a set of data in an experimental 
design.   
 
2.1 Preparation of ceramifiable EVA based polymer composites 
2.1.1 Raw materials 
 
The types of chemical compounds suitable for developing a ceramifiable 
hydrocarbon polymer composite were highlighted in a filed US patent on ceramic-
forming polymers (US200702246240) (24).  It was stated that the composition 
included at least one chemical from a metal hydroxide, metal carbonate, mineral 
silicate, and inorganic phosphate groups.  The type of hydrocarbon polymer was 
stated to be one in the thermoplastic, thermoset, or elastomer groups and also a 
silicone polymer could be added in small quantities. 
 
The raw materials used in this study were selected based on the criterion mentioned 
in the filed US patent (US200702246240) (24).  All raw materials for the preparation of 
ceramifiable EVA/PDMS composites were obtained via local suppliers.  In table 2.1.1 
the details of each of the materials and their respective suppliers are given. 
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Table 2.1.1:  Name and chemical composition of each of the raw materials. 
 
Reagent/material Description Supplier  
Ethylene vinylacetate 
(EVA) 
 45% vinyl acetate content  
 pellets coated with Talc powder 
Plastichem, 
Kempton park, 
Gauteng 
Polydimethylsiloxane 
(PDMS)  
 non-vulcanized silicone rubber Carst and Walker, 
Johannesburg, 
Gauteng, South 
Africa 
Muscovite mica   KAl2(AlSi3O10)(OH)2 
 phyllosilicate mineral 
Gelletic mine, 
Phalaborwa, 
Limpopo, South 
Africa 
Calcium carbonate   CaCO3 
 0.4% MgCO3 and 0.1% Fe2O3 
impurities 
Idwala Carbonates, 
Durban, KwaZulu 
Natal, South Africa 
Aluminium hydroxide   Al(OH)3 Idwala, Durban,  
KwaZulu Natal, 
South Africa 
Kaolinite   Al2Si2O5(OH)4 
 Calcined powder 
 Layered silicate mineral 
CPS Chemicals, 
Durban, KwaZulu 
Natal, South Africa 
Di-ammounium hydrogen 
phosphate (di-AHP) 
 (NH4)2HPO4 
 Inorganic phosphate salt 
 Water-soluble 
Saarchem, 
Wadeville, Gauteng, 
South Africa 
Dicumyl peroxide (DCP)  C18H22O2 
 Cross-linking agent for polymer 
curing 
Sigma-Aldrich 
(Fluka chemicals), 
Cape town, Western 
cape, South Africa 
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2.1.2 Instrumentation for sample preparation 
 
The preparation of the ceramifiable EVA composites was done using instruments at 
the NMMU Chemistry laboratories.  Table 2.1.2 gives a brief description of the 
instruments used and their respective functions in preparation of ceramifiable EVA 
composite samples. 
 
Table 2.1.2:  Instruments used in preparation of the ceramifiable EVA composites  
 
Instrument  Function 
Brabender internal mixer with 80mL 
volume capacity and 0.80 fill factor 
Mixing of EVA copolymer with silicone 
and the various inorganic fillers and 
curative 
Two-roll mill Blending of the EVA/Si/filler mixture 
compounds 
Monsato Rheometer 100 Determination of maximum cure time at a 
specified cure temperature 
Hydraulic heat-press Curing of EVA/Si/filler composites under 
pressure to form cross-linked flat sheets 
 
The images of each of the instruments used during preparation of ceramifiable EVA 
based composite sample are given in figure 2.1.1. 
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     (b) 
 
   
    (c)              (d) 
Figure 2.1.1:  Different instruments used during sample preparation of the ceramifiable EVA 
composites.  (a) MonsatoRheometer 100; (b) Two-roll mill; (c) Hydraulic heat-press; and (d) 
Brabender internal mixer. 
 
A detailed description of the mixing procedure and preparation of cross-linked 
samples is given in section 2.1.3 of this chapter. 
 
(a) 
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2.1.3 Mixing procedure for ceramifiable EVA/PDMS composites 
 
2.1.3.1 Small scale sample preparation  
 
The exact quantity of each starting material used was chosen within an experimental 
domain or weight range for each variable.  Each domain was based on the chemical 
knowledge of each variable and the suggested amounts mentioned in a filed US 
patent (US200702246240) (24) which can be used in the preparation of a ceramifiable 
hydrocarbon based polymer composite.  The amounts and weight ranges used in 
this study were summarized in table 1.5.2. 
 
Using the sets of limits for each variable, two sets of mixture experimental designs 
were constructed.  One design did not include the addition of di-ammonium hydrogen 
phosphate as a component of the ceramifiable EVA/Si formulations.  Both designs 
were constructed using D-optimal mixture design software.   
 
Each formulation was prepared by mixing at room temperature using the Brabender 
internal mixer which was fitted to a water-cooling system.  The following steps were 
carried out during mixing: 
 
 The inorganic fillers were first pre-mixed in a coffee grinder for no more than 1 
minute.  Since the study focused on a small-scale preparation of the 
ceramifiable EVA/PDMS composites, the homogeneity of the prepared 
composites was an important consideration as it could have adverse effects 
on physical properties, hence it was important that the raw filler materials first 
be pre-mixed in order to ensure a homogeneous mixture that would provide 
satisfactory filler dispersion during mixing with the polymers.  The chosen 
mixing time was based on a screening experiment which investigated the time 
required to mix the fillers efficiently with minimal heat build-up within the 
grinder as this would prevent pre-mature reactions between the fillers as a 
result of heat. 
38 
 
 During mixing, half the amounts of EVA and PDMS was added at 60rpm and 
allowed to mix for 2minutes 
 To the polymer mixture, half the filler mixture was added at 30 rpm and the 
resultant mixture allowed to mix at 60 rpm for 3 minutes 
 The remaining polymer, filler mixture and peroxide were then added at 30 rpm 
and allowed to mix for 3 minutes at 60 rpm  
  The composite was blended on a two-roll mill over 5 passes 
 After blending the composite was further mixed in the internal mixer for 3 
minutes at 60 rpm  
 The final composite was placed between two myler sheets and heat-cured at 
150oC for 36 minutes under pressure.  The maximum cure time was obtained 
from rheological studies, which is explained under section 2.1.3.1. 
A summary of the different stages during mixing and blending is given in figure 2.1.2. 
 
 
                                
 
                                                      
 
 
Figure 2.1.2:  Flow diagram representing the stages involved in preparation of the 
ceramifiable EVA/Si composites by mixing.  
1 2 
3 4 
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In stage (1)  the polymer is cut into small pieces and mixed with the pre-mixed filler 
mixture in the internal mixer; (2) resultant composite after mixing; (3) composite 
during milling and blending done on the mill; and (4) dumbbell samples are cut for 
tensile testing after sample has been cured. 
 
2.1.3.2 Industrial pilot scale sample preparation  
 
The following pilot plant scale manufacturing was done in collaboration with the 
industrial partner using the following method: 
 
 Method of mixing:  single stage 
 Instrument:  Carter Internal Mixer with a capacity of 1.5 L (Fill factor 0.75) 
 Start-up temperature after cleaner batch:  36.7 ˚C 
 Polymer and inorganic filler material added at 100 rpm 
 Mixture allowed to mix until temperature reached 105 ˚C 
 Samples were removed and milled on a two-roll mill and cured 
 
2.1.3.3 Rheological studies 
 
The cross-linking of EVA polymer chains can be induced by organic peroxides such 
as dialkyl peroxides, peroxyester peroxides, and peroxyketal peroxides at 
temperatures between 150-170oC (46).  A cure curve or rheograph is a plot of torque 
versus time and is used to indicate a polymer’s cure behaviour.  The basic properties 
of a cure curve are shown in figure 2.1.3 and these can be used to describe cross-
linking properties of the polymer such as the maximum cure time, scorch time and 
cure rate at a specified temperature. 
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Figure 2.1.3:  Generalized plot of torque (dN.m) and time which represents the cure curve 
obtained from an oscillating disk rheometer. 
 
ML:  minimum torque.  Related to the viscosity and stiffness of the polymer. 
MH:  maximum torque.  Related to the extent of cross-linking within the polymer. 
M90:  torque at 90%.  The optimum torque and calculated using equation 2.1:  
-   (2.1) 
ts5:  scorch time which is the time at which torque is 5% above ML.   
t90:  optimum cure time which is the time corresponding to M90 
CRI:  Cure rate index.  Calculated using equation 2.2 
 
-   (2.2) 
 
The cure behaviour of the ceramifiable EVA composite was studied on a Monsato 
Rheometer by placing about 9 g samples at 150oC and the sample was allowed to 
cure/vulcanize isothermally for 60 minutes.  The analysis was done in triplicate and 
the cure curve for each sample was obtained by plotting the output data, torque 
(dNm) and time (min) measurements, using Microsoft Excel.  
 
For each cured ceramifiable EVA composite, the tensile strength of the polymer 
composite material and flexural strength of the ceramic product were measured.  The 
details of the testing procedures for each property are explained under section 2.1.4 
of this chapter.   
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2.1.4 Material testing methods 
 
2.1.4.1 Tensile testing 
 
Tensile testing on each of the ceramifiable EVA composites was done according to 
the ASTM D638 application standard using an Instron 4411/H2034 tensometer at 
room temperature. 
 
The tensile properties of a material are the physical properties that are obtained 
upon stretching or application of stress and strain onto the material.  In general, a 
polymeric material undergoes 3 stages in response to stress and strain.  A typical 
stress-stress curve is shown in figure 2.1.4 which shows the 3 distinct stages as 
follows:     
 
 
Figure 2.1.4:  A typical stress-strain curve used to determine tensile properties for polymeric 
material. 
 
In the elastic region, the material exhibits a linear relationship where the slope of the 
line is known as the Young’s modulus.  Within this region, the material does not 
undergo any deformations and has the ability to restore its initial length prior to 
stretching.  However beyond the yield point, plastic deformation occurs and retention 
properties are lost.   
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The peak point of the curve is termed the ultimate tensile strength (UTS) of the 
material which is a measure of the material’s strength before it breaks at the failure 
point. 
 
The calculation of the UTS can also be obtained using equation 2.3: 
 
  (2.3) 
 
F – Applied force or load (Newton) 
A – Cross-sectional area of the test specimen (mm2) 
  
The test was done using a 1kN load cell at an extension speed of 250mm/min.  The 
test specimen dimensions were measured with a digital calliper and photographic 
images are shown in figure 2.1.5. 
 
                  
 
 
Figure 2.1.5:  Test specimen dimensions used to calculate the tensile strength of each 
ceramifiable EVA composite. 
Gauge length (mm) Thickness (mm) 
Width (mm) 
43 
 
For each composite sample, six (6) dog-bone samples were made and 6 
measurements of the peak load (N) for each were recorded and the tensile strength 
calculated according to equation 2.3. 
 
Using the remaining sample (figure 2.2), 6 test specimens for flexural testing of the 
ceramic product were prepared for each of the different composites. 
 
2.1.4.2 Ceramic flexural strength testing  
 
Preparation of ceramic samples was done by heating 30mm x 13mm x 2mm 
rectangular samples from room temperature to 1000oC in a furnace.  The resultant 
ceramic product was kept at 1000oC for a further 60minutes and then allowed to cool 
back to room temperature before testing.  The sample preparation procedure was 
based on the details of the filed US patent (US200702246240) (24), whereas the 
testing procedure was in accordance with the ASTM D790 application standard on 
flexural testing of polymeric composites.  The test was done using an Instron 
4411/H2034 tensometer fitted with a 10N load cell and using a downward cross-head 
speed of 0.5mm/min.  The ceramic sample was rested onto fixed support beams that 
were separated by a span length of 18 mm and a downward load applied to the 
ceramic.  The testing setup is shown in figure 2.1.6.   
 
 
Figure 2.1.6:  3-point break test setup for ceramic samples. 
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The maximum load required to break the ceramic was used to calculate the flexural 
strength using equation 2.4: 
 
  (2.4) 
 
S – Flexural strength of the ceramic (MPa) 
P – Break-load (N) 
L – Support beams span length (mm) 
b and d – sample width and thickness (mm) respectively  
 
2.1.4.3 Limiting oxygen index (LOI) 
 
The LOI test measures the response of materials to heat and flame under controlled 
conditions and can give a measure of the flammability of polymeric materials.  It is 
described by the minimum concentration (% volume) of oxygen gas required to 
sustain a flame on the surface of the material.  The procedure used in this study was 
consistent with the ISO 4589-2 / ASTM D2863-09 standard for LOI testing (47).  The 
LOI values were calculated using equation 2.5: 
 
 (2.5) 
 
OI – Oxygen index (%). 
CF – Minimum oxygen concentration (% volume) in a LOI series at which the material 
burns for more than 3 minutes or beyond the specified markings described in ISO 
4589. 
k – Constant determined from the pattern of the LOI series described in ISO 4589. 
d – Oxygen concentration increments used during testing. 
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2.2 Analytical Techniques 
 
2.2.1 Powder X-ray Diffraction (PXRD) analysis  
 
The crystalline phases of a crystal or semi-crystalline molecule are aligned in an 
ordered crystal packing arrangement within a unit cell.  Due to their ordered 
arrangement, crystalline phases give rise to a diffraction pattern upon exposure to X-
rays.   When a beam of X-rays is passed through a crystalline phase, some of the 
electrons will become scattered and the other beams will become diffracted at an 
angle 2θ to the incident beam, giving rise to a diffraction pattern. Phase identification 
of crystalline material was determined by X-ray powder diffraction (PXRD) using a 
bench-top Bruker D2-204687 phaser.  A scan range of 5-70° was used at 1 sec / 
0.02o two theta increments for all PXRD analysis.  Identification of phases, to identify 
the components, was done by Bruker evaluation (EVA) PXRD software which was a 
search and match software which allowed identification of phases with a powder 
diffraction file (PDF) database (44). In the analysis of the ceramified EVA/PDMS 
composites, samples were ground using a mortar and pestle and the powder 
mounted in standard polycarbonate sample holders. 
 
2.2.2 Thermal Gravimetric Analysis (TGA) 
 
Thermal gravimetric analysis (TGA) is a technique used to monitor weight change 
versus temperature or time.  It can be used to study thermal events such as 
decomposition (pyrolysis and oxidation), absorption and desorption in a controlled 
environment.   
 
TGA results can therefore give information about the thermal stability of polymers 
and other compounds.  TGA analysis was carried out in a TA instrument Q600-0345-
SDT Q600 and the quantification of the various thermal events was done using TA 
Universal Analysis v4.5A software.   
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The TG analysis of the ceramifiable EVA/PDMS composites was done on 
approximately 5 mg sample which were heated at 10oC/min from 25 ºC to 1000 ºC 
using a 22% oxygen (air) purge gas at a flow rate of 10mL/min.   
 
2.2.3 Infrared (IR) Spectroscopy 
 
The atoms in a molecule undergo vibrations consisting of a complex mixture of bond 
stretching, bending and other deformations.  As a result, the atoms can undergo 
vibrational transitions between energy levels and the frequencies and intensities 
associated with the transitions are dependent on the type of atoms or group of atoms 
bonded together.  The absorption of radiation with enough energy to cause a 
vibrational transition gives rise to an IR spectrum which is characteristic to the 
vibrating atoms or groups.  IR spectroscopy can thus be used to determine the 
chemical composition of a molecule.  In polymers, only the atoms making up the 
repeating units give rise to an IR spectrum (45).  The identification of molecular groups 
present in EVA/PDMS composites was done on 2mm x 1mm x 1mm samples at 
room temperature using a bench-top Bruker IR/Raman spectrometer within the scan 
range of 400 to 4000cm-1. 
 
2.2.4 Scanning Electron Microscopy (SEM) 
 
The interaction of matter with radiation, such as high energy electrons, results in 
processes such as emission of X-rays, photons, and low-energy electrons from the 
material.  The emitted electrons can be captured using a suitable detector and be 
transformed into an image of the material.  A scanning electron microscope can 
produce very high-magnification images with a resolution better than 5nm.  SEM 
analysis finds widespread use in imaging studies of metals, ceramics and 
semiconductors.   The microstructure analysis of ceramified EVA/PDMS composites, 
approximately 30mm in diameter, at 1000x magnification was studied using a Jeol 
JSM 6380 scanning electron microscope with Smile ShotTM software.   
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The samples were prepared accordingly in order to obtain images of the different 
regions, such as cross-sectional surface; outer skin layer and the bulk/underlying 
surface of the ceramified samples. 
 
2.2.5 Optical Microscopy 
 
An optical microscope such as a stereomicroscope can be used to monitor the 
appearance of material surfaces at 10x magnification.  The surface of a material can 
be magnified to provide information about the structural features that cannot be seen 
by the naked eye with a resolution of the order 1µm.  The microstructure analysis at 
10x magnification of ceramified EVA/PDMS composites was carried out on 30mm x 
13 mm x 2mm samples using a Leica mz16 stereomicroscope fitted with a 5.0 
MegaPixel moticam USB 2.0 camera.  Capturing of the images was done using 
Motic Images Plus 2.0 imaging software.  The samples were prepared accordingly in 
order to obtain images of the different regions, such as cross-sectional surface; outer 
skin layer and the bulk/underlying surface of the ceramified samples. 
 
2.2.6 Laser Diffraction Particle Size Distribution 
 
Particle size distribution analyses of powdered samples were done on a Malvern 
Mastersizer using laser diffraction and the quantification of the particle distribution 
done using Mastersizer-S v2.18 software. Sample dispersion was done in water 
using 10% Sodium Hexameta-Phosphate with 2-3 drops of Triton X165 solution. 
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Chapter 3  
 
Chemical and physical properties of the ceramifiable EVA/PDMS composite 
 
3.1 Characterization of EVA and Silicone polymer 
 
The polymers for the ceramifiable polymer composite were locally (South Africa) 
manufactured Ethylene Vinyl Acetate (EVA) pellets coated with talc powder and non-
vulcanized Poyldimethylsiloxane (PDMS) rubber.  The vinyl acetate (VA) content of 
the EVA was 45%w/w.  The ceramifiable EVA/PDMS composite was to have EVA as 
the base polymer and a small amount of PDMS such that a 95%EVA/5%PDMS 
polymer blend was obtained.  This was a requirement from the industry partner that 
the silicone content within the ceramifiable composite be kept at a minimum and also 
through screening experiments prior to the construction of the experimental design, it 
was found that a 5% silicone content could be satisfactory for achieving the specified 
objectives of the study.  The raw polymer material was characterized by Infrared (IR) 
spectroscopy and Powder X-ray Diffraction (PXRD) analysis according to the 
methods mentioned in Chapter 2. 
 
3.1.1 IR analysis  
 
3.1.1.1 EVA (45%VA) pellets coated with talc powder 
 
An IR spectrum provides information about the chemical composition of the polymer 
in terms of the chemical groups present in the polymer and can act as a type of 
“fingerprinting” of the polymer type being worked with.  
 
Literature reports that the EVA copolymer is made up of two monomer repeat units, 
ethylene (-CH2-CH2-) and vinyl acetate (-CH2-CH-OCOCH3-) and hence the IR 
spectrum of EVA has characteristic vibrational bands at ~1740cm-1 for the carbonyl 
(C=O) stretch of the acetate group, ~3000cm-1 for methylene (C-H) stretch bands.  
49 
 
Also dominant are vibrational bands at ~1200cm-1 for the single bond C-O stretch 
band of the acetate group and at ~1020cm-1 for the single bond C-O stretch band of 
the EVA backbone carbons (48).  Figure 3.1.1 shows the IR spectrum of the EVA 
(45%VA) copolymer used in this study. 
 
Figure 3.1.1:  IR spectrum of EVA (45%VA) coated with talc powder. 
 
The results show that the experimental vibrational bands of EVA sample were found 
to resonate at: 1738cm-1 (sharp and intense peak, C=O of acetate group); 1238cm-1 
(sharp and intense peak, C-O single bond of acetate group); 2925cm-1 and 2856cm-1 
(sharp peaks, C-H bonds of methylene groups); and 1016cm-1 (sharp and most 
intense peak, C-O single bond in the backbone chain).  These experimental 
vibrational bands were found to be consistent with the characteristic vibrational 
bands of EVA described in literature (48).  Additional vibrational bands were also 
observed at 3730cm-1 (small sharp peak) and 3435cm-1 (broad and flat peak).  
Vibrational bands that occur at such wavenumbers could be due to X-H (X = N or O) 
stretch bands.  The presence of a small broad vibrational band around ~3500-
3000cm-1, was generally characteristic of hydrogen bonded –OH groups.   
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These bands could be due to –OH stretch vibrations of C-OOH or more likely due to 
the presence of a small amount of adsorbed water on the surface of the polymer or 
in the mineral talc, that coated the EVA pellets used in this study. 
 
The remaining vibrational bands at 1472cm-1, 1375cm-1, 1097cm-1 and  808cm-1 
could be attributed to deformation vibrations such as C-H of methyl (-CH3) group and 
O-C-O in the acetate group respectively.  
 
3.1.1.2 Non-vulcanized PDMS gum 
 
As reported in literature, PDMS is a polymer in the polysiloxane group that is 
characterized by a chemical structure made up of siloxane bonds (-Si-O-Si-) (66).  The 
general structure of PDMS is (CH3)3Si–[-O-Si(CH3)2-O]n-Si(CH3)3.  The IR spectrum 
of PDMS has characteristic bands that are due to the methyl (CH3), siloxane (Si-O-
Si), and Si-C bond vibrations and also deformation vibrational bands due to these 
bonds where the –CH3 stretch vibrational bands resonate at ~3000 cm
-1. 
Deformation bands of the –CH3 groups resonate at ~1450 cm
-1 and ~1200 cm-1 for 
asymmetric and symmetric vibrations respectively.  Stretching vibrations of Si-O-Si 
bonds resonate at ~1090 cm-1 and ~1020 cm-1 due to a single band appearing split 
into two on the IR spectrum.  The stretch vibrations of the Si-C bonds typically 
resonate at about 800 cm-1 (66).  An IR spectrum of the non-vulcanized PDMS gum 
used in this study is shown in figure 3.1.2.   
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Figure 3.1.2:  IR spectrum of non-vulcunized PDMS gum. 
 
The results show that the experimental group vibrations for the PDMS gum were 
found to resonate at:  2970 cm-1 (sharp peak, C-H stretch vibration of –CH3 group); 
1442 cm-1 (small peak, C-H asymmetric stretch vibration of –CH3 group); 1259 cm
-1 
(sharp peak, C-H symmetric stretch vibration of –CH3 group); 1078 cm
-1 (sharp and 
intense peak, Si-O-Si stretch vibration) and 1010 cm-1 (shoulder on main peak (1010 
cm-1), Si-O-Si stretch vibration); and 788 cm-1 (sharp and most intense peak, Si-C 
stretch vibration).  The experimental vibrational bands obtained for the PDMS gum 
were found to be consistent with the characteristic vibrational bands of PDMS 
polymers reported in literature (66).  
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3.1.2 PXRD analysis of EVA 
 
Most EVA copolymers are reported to be semi-crystalline, consisting of both 
amorphous regions and crystalline phases within the polymer matrix (3).  The 
crystalline phases would be due to the presence of polymer chains that are arranged 
in an ordered manner within a unit cell.  However the degree of crystallinity is largely 
affected by the vinyl acetate (VA) content in the copolymer and studies have shown 
that a 50 %w/w VA content can result in the copolymer to have rubber-like properties 
where the polymer is highly amorphous and lacks any crystalline phases (49).  The 
selection of an EVA copolymer with rubber properties was important in in the study 
since it would be compatible to prepare and process a 95%EVA/5%PDMS rubber 
blend and also the ceramifiable polymer composite would be applied as a rubber 
cable sheath/insulation. In the preparation of polymer blends it can be found that 
some polymers are not compatible with one another due to differences in their 
chemical nature.  For example it is generally difficult to prepare a polymer blend 
between a plastic such as polyethylene or polypropylene and a rubber such as 
styrene butadiene rubber (SBR) using a simple mixing method at ambient 
temperature (51).  
 
Figure 3.1.3 shows the X-ray diffraction pattern of the EVA (45%VA) copolymer used 
as the base polymer in this study.  
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Figure 3.1.3:  Powder X-ray Diffraction pattern for EVA (45%VA) from 2ө = 5o-70o. 
 
The results show a large amorphous halo at 2ө ≈ 20o and a smaller one at 2ө ≈ 40o.  
The observed 2ө positions are typical of an amorphous EVA copolymer with the 
sample showing broad peaks at the typical diffraction peaks of EVA (68).  The smaller 
sharp peaks observed in the diffraction pattern were identified to be due to talc (2ө = 
10o, 27o and 28o) (50).  
  
3.2   Cure behaviour of 95%EVA/5%PDMS polymer blend 
 
The 95%EVA/5%PDMS polymer blend was used as the polymer blend in this study 
to make a ceramifiable EVA/PDMS composite.  The processing parameters such as 
optimum cure/vulcanization time, temperature, and viscosity for the blend were 
investigated by rheological methods.   
 
The cross-linking properties of the curing process of the 95%EVA/5%PDMS polymer 
blend was investigated by rheological methods described previously (Chapter 
2.2.3.3).   
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The objective was to determine the optimum cure time, cure rate index, and scorch 
time of the polymer blend in the absence of the inorganic fillers.  In figure 3.2.1 the 
cure curve for a typical 95%EVA/5%PDMS sample is given.  The curing properties 
obtained for the unfilled EVA/PDMS polymer blend were then used to characterize 
the properties required for the ceramifiable EVA/PDMS composite that contained a 
range of inorganic filler compounds. 
 
 
Figure 3.2.1:  Cure curves at 150oC obtained for 95%EVA/5%PDMS polymer blend.   
 
The results show that the cure curves for the 95%EVA/5%PDMS polymer blend 
reached a rheological torque plateau within the 60 minutes time interval.  This 
showed that the curing process went to completion and the optimum cure time was 
reached within the 60 minutes.  The minimum points (ML) of the three repeated 
analysis curves were similar with a value of 14.72 ± 2.32 dN.m.  The maximum 
points (MH) were found to differ significantly between the three samples studied with 
an average value of 65.8 ± 10.4 dN.m.  The ML values were related to the viscosity of 
the polymer sample and MH to the degree or extent of cross-linking within the 
polymer matrix.   
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The results in figure 3.2.1  showed that the viscosity of the 95%EVA/5%PDMS blend 
stayed reasonably consistent for the three measured samples during curing at 150oC 
and that the maximum number of cross-linking that was obtained could differ by as 
much as 17% between the three samples studied.  The optimum cure time (t90) and 
the scorch time (t2s) for the EVA/PDMS blend used in this study were obtained by 
extrapolating on the graphs the times obtained at M90 (Equ. 2.1) and at 5% above ML 
respectively.  The cure rate index (CRI) was calculated from the numerical data in 
table 3.2.1 using Equation 2.2. 
 
Table 3.2.1:  Rheological average values obtained for the cure parameters of the 
95%EVA/5%PDMS polymer blend. 
 
Cure parameter run 1 run 2 run 3 Average Standard 
deviation (±) 
MH (dN.m) 63.9 56.6 77.0 65.8 10.4 
ML (dN.m) 14.29 12.65 17.22 14.72 2.32 
M90 (dN.m) 59.0 52.2 71.0 60.7 9.6 
5%ML (dN.m) 15.01 13.28 18.08 15.45 2.43 
t90 (min) 39.66 39.66 39.58 39.66 0.05 
ts2 (min) 1.330 1.410 1.410 1.410 0.046 
CRI (dN.m/min) 2.609 2.614 2.620 2.614 0.005 
 
The average cure time was found to be 39.66 minutes with a scorch time of 1.41 
minutes.  In the manufacturing of polymeric material, it is generally ideal that the 
optimum cure time is as short as possible (~7minutes in cable insulation/sheath 
manufacturing) and the scorch time allows for sufficient sample preparation before 
the curing process takes place.  There are ways which have been reported to 
improve the respective cure and scorch times which include increasing the amount 
curative and temperature, or adding scorch retarding chemicals (52).   
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In this study, the temperature of the curing process was kept within the parameters 
indicated in figure 3.2.1, since the process used was a small scale batch process 
where sufficient time was allowed for the addition of the various additives without 
compromising the polymer curing process due to excessive temperature and 
curatives.  It was found that at temperatures below 150 oC, the curing time was too 
long exceeding 60 minutes and if temperatures above 150 oC were used, the curing 
time decreased significantly, but would also show some degradation in the material, 
as shown in figure 3.2.2.  The degradation of the material was probably due to the 
decomposition of one of the inorganic fillers within the polymer matrix, such as di-
ammonium hydrogen phosphate and Al(OH)3. 
 
(a) (b) 
Figure 3.2.2:  EVA/PDMS composite sample cured at 190 oC; (a) appearance of the cured 
material and (b) its cure curve. 
 
The cure behavior of the 95%EVA/5%PDMS polymer was then further investigated 
with the addition of inorganic fillers in order to make a ceramifiable EVA/PDMS 
composite.  Variations, if any, in the optimum cure time, cure rate, and viscosity of 
the polymer blend would then be reported and their influence on the final cured 
polymer considered. 
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3.3 Particle size distribution (PSD) 
 
The fillers used in this study were obtained from local, South African manufacturers 
and are described in chapter 2.  Prior to the preparation of ceramifiable EVA/PDMS 
composites, it was important to determine the particle size distribution (PSD) of the 
inorganic fillers.  In polymer composites the physical properties of the polymer matrix 
such as tensile strength and elongation at break, which were important in this study, 
are significantly affected by the particle size of the filler particles and also the 
dispersion of the filler within the polymer matrix is also affected by filler particle size 
(69).  In this study the aim was to maintain a particular PSD range within which the 
tensile properties of the ceramifiable EVA/PDMS composite would be reported and 
where variation in the PSD was observed between particular batches of material, it 
would then be indicated.   
 
The particle size distribution, which is reported as the volume under an accumulative 
distribution curve, for the muscovite mica sample used in this study is shown in figure 
3.3.1 and the summary of the PSD values are shown in table 3.3.1.  The distribution 
curves and other PSD results in given Appendix A. 
 
Figure 3.3.1:  PSD curve for muscovite mica. 
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Table 3.3.1:  Summary of PSD results for muscovite mica. 
 
Filler  Densitya 
(g/cm3) 
Volume under Surface area 
and volume 
means 
S.S.A 
(m2/g) 
D(v, 0.1) 
(µm) 
D(v,0.5) 
(µm) 
D(v, 0.9) 
(µm) 
D[3,2] 
(µm) 
D[4,3] 
(µm) 
Muscovite mica  2.800 7.39 28.42 80.3 16.43 37.50 0.1304 
a theoretical density 
The bulk of the muscovite mica used had a volume mean particle size of 37.50 µm.  
The average specific surface area (S.S.A) was found to be 0.1304 m2/g.  This small 
S.S.A was consistent with the presence of coarse particles in the bulk composition of 
muscovite mica.  
 
Similarly, the particle size distribution for CaCO3, Al(OH)3 and calcined kaolinite were 
obtained and the results are given in figure 3.3.2 and table 3.3.2 respectively.  
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(a)      (b) 
  (c) 
Figure 3.3.2:  PSD curves for (a) CaCO3; (b) Calcined kaolinite; and (c) Al(OH)3. 
 
The PSD curves for CaCO3, Al(OH)3 and calcined kaolinite showed a distribution that 
was generally indicative of a high proportion of fine particles present in the sample.   
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Table 3.3.2:  Summary of PSD results for CaCO3, Al(OH)3 and calcined kaolinite. 
 
Filler  Densitya 
(g/cm3) 
Volume under Surface area and 
volume means 
S.S.A 
(m2/g) 
D(v, 0.1) 
(µm) 
D(v,0.5) 
(µm) 
D(v, 0.9) 
(µm) 
D[3,2] 
(µm) 
D[4,3] 
(µm) 
Al(OH)3 2.420 0.680 2.040 4.930 1.450 2.470 1.531 
CaCO3 2.710 0.700 3.210 6.25 1.740 3.330 1.278 
Calcined kaolinite 2.620 0.750 3.370 7.39 1.870 4.080 1.191 
a theoretical density  
 
The results show that these inorganic fillers were significantly finer than the mica and 
had higher average S.S.A values. 
 
3.4 Cure behaviour of the ceramifiable 95%EVA/5%PDMS composite 
 
The cross-linking properties of the 95%EVA/5%PDMS polymer with the inorganic 
fillers were investigated by rheological methods (chapter 2.2.3.3).  The full 
experimental design and range of fillers used in the study is described in chapter 4 
and a typical concentration (%w/w) of the inorganic fillers and polymers in the 
composite sample are given in table 3.4.1.  The results are shown in figure 3.4.1 and 
the important maximum cure time, cure rate index, and scorch time of the composite 
are shown in table 3.4.2.  They are compared to those obtained for the unfilled 
polymer blend without the inorganic fillers in table 3.4.3.   
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Table 3.4.1:  Recipe for the 95%EVA/5%PDMS composite sample used for 
rheological analysis. 
 
 Concentration (%w/w) 
Experiment  EVA 
(45%VA) 
PDMS Muscovite 
mica 
Calcined 
kaolinite 
CaCO3 Al(OH)3 
Sample 1 52.79 2.78 10.60 9.00 11.83 13.00 
Sample 2 44.46 2.34 18.00 13.00 10.60 11.60 
Sample 3 50.04 2.63 18.00 9.00 10.60 9.73 
The amount of peroxide (curative) added to each composite was kept constant at 2% of the total sample weight. 
 
 
Figure 3.4.1:  Cure curves at 150oC obtained for the ceramifiable 95%EVA/5%PDMS 
composites. 
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Table 3.4.2:  Average values obtained for the cure parameters of the ceramifiable 
95%EVA/5%PDMS composites. 
 
Cure parameter run 1 run 2 run 3 average standard 
deviation (±) 
MH (dN.m) 94.4 83.6 113.8 97.2 12.5 
ML (dN.m) 17.61 15.58 21.21 18.14 2.33 
M90 (dN.m) 86.7 76.8 104.5 89.3 11.5 
5%ML (dN.m) 18.49 16.36 22.28 19.04 2.45 
t90 (min) 36.25 36.25 36.25 36.25 0.00 
ts2 (min) 1.45 1.5 1.5 1.45 0.03 
CRI (dN.m/min) 2.874 2.878 2.878 2.874 0.002 
 
A typical comparison of the cure behaviour of the 95%EVA/5%PDMS with and 
without the inorganic fillers is shown in figure 3.4.2.  Their respective “average” cure 
curves are shown and one could observe that both samples achieve complete curing 
in 60 minutes, where the polymer that contained the fillers showed an increase of 
about 48% in average torque, and the results are summarized in table 3.4.3. 
 
 
Figure 3.4.2:  Cure curves at 150oC for the neat polymer blend (EVA/PDMS) and the 
ceramifiable EVA composite (EVA/PDMS/fillers). 
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The results show that in both cure curves a rheological torque plateau was reached 
within the 60 minute time interval, which suggested that cross-linking of polymer 
chains within the 95%EVA/5%PDMS matrix went to completion at 150oC.  There was 
a significant difference in the maximum average torque (MH) of the two curves and 
also their respective minimum torque (ML).  The actual values for MH and ML are 
given in table 3.4.3 and these were used to determine the cure parameters (t90, ts2, 
and CRI) of the two samples. 
 
Table 3.4.3:  Summary of the values obtained for the cure parameters, MH, ML, and 
M90.  
 
Cure parameter EVA/ PDMS/ 
fillers 
Standard 
deviation 
EVA/PDMS Standard 
deviation 
MH (dN.m) 97.2 2.329 65.8 2.3 
ML (dN.m) 18.14 12.49 14.72 10.39 
M90 (dN.m) 89.3 11.47 60.7 9.6 
5%ML (dN.m) 27.20 2.445 22.08 2.43 
t90 (min) 3.250 0.000 3.580 0.046 
ts2 (min) 36.25 0.02886 39.66 0.05 
CRI (dN.m/min) 3.030 0.003 2.772 0.006 
 
The results show that the value of MH for EVA/PDMS/fillers (97.2 dN.m) was greater 
than that of EVA/PDMS (60.7dN.m), which could imply an increase in the cross-
linking of the polymer chains.  The fillers themselves, however, could contribute the 
increase in the polymer’s stiffness and hence make the sample with fillers less 
viscous than in the absence of fillers (Fig. 3.4.2).  These observations were 
consistent with the findings of Gonzalez et al. (53) on silicone/silica and silicone / 
Al(OH)3 composites who monitored the cure parameters of the silicone polymer in 
the presence of silica and Al(OH)3 and found that the maximum torque (MH) 
increased with the incorporation of the fillers. 
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The small standard deviations associated with the calculated t90, ts2 and CRI values 
showed that the variation in MH and ML had little effect on the optimum cure time, 
scorch time and cure rate of the EVA/PDMS polymer in the presence and absence of 
inorganic fillers, however the addition of inorganic fillers was found to influence the 
curing rate.  The scorch time was found to be less in the EVA/PDMS samples with 
fillers. 
 
The observed results show that there was a difference in the cure properties of the 
ceramifiable EVA/PDMS composite to that of the EVA/PDMS polymer blend without 
fillers.  The variation in concentration of the inorganic fillers in the ceramifiable 
EVA/PDMS composite was found to have little effect on the optimum cure time, 
scorch time and cure rate and therefore allowed for the use of a fixed curing process 
for all the composites prepared from the experimental design used in this study 
(chapter 4).   
 
The basis of this study was the thermal events that would be observed upon heating 
the desired ceramifiable EVA/PDMS composite to 1000 oC, in order to form the 
ceramic composite, which is discussed in chapter 3.5. 
 
3.5 Thermal decomposition of unfilled EVA (45%VA), PDMS and inorganic 
fillers in air 
 
3.5.1 Thermal decomposition of unfilled EVA (45%VA) copolymer only 
 
The thermal decomposition of the ceramifiable EVA/PDMS polymer composite was 
by Thermo-gravimetric analysis (TGA).  The onset of decomposition of the polymer 
was observed at that temperature, approximately 314 oC as shown in fig. 3.5.1, 
where a 5% weight loss was observed on a TG curve and it was denoted by T0.05 
(4).  
T0.05 values were important for determining the relative thermal stability of a polymer 
under specific environmental conditions and furthermore the thermal oxidation of 
hydrocarbon polymers generally involves the formation of char as a by-product.   
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The formation of char has been found to delay the rate of thermal decomposition of 
the polymer.  In this study the thermo-oxidative decomposition characteristics of 
unfilled EVA (45%VA) copolymer, such as its onset of decomposition and residue 
yield at high temperatures, were later compared to that of a filled EVA/PDMS 
ceramifiable composite in chapter 3.6.   
 
The findings were later compared to TGA results obtained for a 95%EVA/5%PDMS 
polymer blend and also a ceramifiable 95%EVA/5%PDMS composite. 
 
 
Figure 3.5.1:  Thermo-gravimetric (TG) curve for unfilled EVA(45%VA) copolymer in air 
(10mL/min flow rate) at a heating rate of 10oC/min. 
 
The results show that the onset decomposition temperature (T0.05) of EVA (45% VA) 
in air at a heating rate of 10 oC/min was found to be 314.3oC.  The derivative curve 
showed two major peaks at 346.8oC and 447.7oC which had accompanying weight 
changes of 36.40 % and 61.9 % respectively.   
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The derivative curve provided information about the temperatures at which the most 
significant or rapid decomposition of the polymer matrix occurs and it also provided 
information about the temperatures at which very minimal or no decomposition of the 
polymer matrix occurred.  The temperatures at which no decomposition occurred 
were identified by a horizontal line or zero-gradient line on the derivative curve.  The 
identified temperature intervals where no decomposition occurred were:  22 oC <T1 < 
314 oC; 347 oC <T2 <422 
oC; and T3> 556 
oC.  In the T1 interval, the EVA copolymer 
was intact and could undergo thermal events that were not associated with weight 
loss, such as glass transition, melting or crystallization.  At 314 oC, the onset 
decomposition of the polymer matrix was observed which was followed by a rapid 
weight loss of 36.40 % which peaks at 347 oC.  This peak was followed by the T2 
interval which could be attributed to the formation of a stable intermediate product 
which delayed the decomposition rate of the remaining polymer matrix.  The T2 
interval was then followed by a second major weight loss (61.9 %) which peaked at 
448 oC and extends to 556 oC.  Beyond 556 oC, it was found that no further weight 
losses occurred and a final residue of 1.742 % was obtained which could be due to 
the talc particles coated onto the EVA sample. 
 
In theory, the initial weight change of 36.40 % is reported to be associated with the 
removal of acetate moieties, from the EVA main chain, as acetic acid gas (33).  The 
appearance of two distinct decomposition steps on the TG curve of the EVA 
copolymer suggested that a stable intermediate by-product was formed during 
thermal oxidation of the polymer.  The initial decomposition step was then 
investigated by IR analysis in order to determine the chemical composition of the 
remaining polymer matrix at ~350 oC and hence suggest a mechanism for the initial 
decomposition step. 
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3.5.1.1Analysis of the EVA (45 % VA) thermal decomposition product at 350 oC 
by IR analysis 
 
In IR analysis of EVA, the C=O stretch band, of the acetate group, has been reported 
to be most sensitive to thermal decomposition of the polymer matrix (33, 54).  It would 
therefore be apparent that any changes, such as a shift to higher/lower 
wavenumbers or complete disappearance of the C=O band could be indicative of the 
removal of acetate moieties from the main chain or formation of new keto-products 
such as ketone, anhydride or aldehyde groups.   
In figure 3.5.2 the IR spectra of an EVA (45 % VA) sample at ambient temperature 
and EVA (45%VA) heated to 350 oC is given.   
 
 
Figure 3.5.2:  IR spectra of EVA (45% VA) at ambient temperature and after heating to 
350oC. 
 
The results show that at ambient temperature, a sharp peak at 1737 cm-1 was 
present on the EVA spectrum which was attributed to the C=O stretch vibrations of 
the acetate group.  Also evident on the ambient temperature spectrum was a small 
peak at ~1689 cm-1 at which the C=O stretch of ketone groups generally resonate.  
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
4009001400190024002900340039004400
ab
so
rb
an
ce
 
Wavenumbers (cm-1) 
25oC 350oC
1
7
3
7
 
1
6
5
7
 
1
6
8
9
 
68 
 
The small intensity of the peak suggested that the presence of ketone groups was 
rather negligible.  The IR spectrum obtained after heating EVA (45 % VA) was 
significantly different to the spectrum obtained at ambient temperature.  There was 
no evidence of a peak occurring at ~1740 cm-1 which was indicative of the C=O 
stretch of an acetate group.  The most distinct peak on the spectrum at 350 oC was 
found at 1657 cm-1.  The most probable bond vibration to resonate at this 
wavenumber could be due to an unsaturated carbon-carbon bond or diene (C=C) 
since diene bond vibrations generally show characteristic infrared absorption at    
~1650 cm-1 (4).   
 
The observed results were consistent with the findings of Guirginca et al. (54) on the 
thermo-oxidative degradation of EVA.  Using IR analysis results, they proposed a 
mechanism for the initial degradation step of EVA.  The mechanism shows acetate 
moieties splitting from the main chain as acetic acid gas and leaving behind an 
unsaturated by-product.  Figure 3.5.3 shows an image of the EVA (45 % VA) 
copolymer after heating to 350 oC. 
 
(a)   (b) 
Figure 3.5.3:  Photographs of the outer surface (a) and cross-sectional surface (b) of the 
EVA (45 % VA) copolymer after heating to 350 oC. 
 
The results show that a layer of char was formed on the outer surface of the EVA 
(45%VA) sample after heating to 350 oC.   
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The cross-sectional view of the sample showed that the underlying polymer matrix 
remained relatively intact and was consistent with the TGA results which showed that 
the rate of thermal decomposition was delayed at the 347 oC<T2<422 
oC temperature 
interval.  This could be attributed to the formation of a stable intermediate such as 
the char layer shown in figure 3.5.3.  The IR spectrum of the charred product 
obtained at about 350 oC showed a peak at 1657 cm-1 which indicated the possible 
presence of a polymeric by-product made up of diene (C=C) bonds being formed at 
350 oC (Fig. 3.5.2). 
 
The thermal decomposition of the EVA (45 % VA) copolymer in air was therefore 
characterized by an initial scission or splitting of acetate moieties from the main 
chain at about 350 oC, which possibly resulted in a stable char product made up of 
unsaturated hydrocarbon chains.  The char possibly delayed the rate of 
decomposition of the remaining polymer matrix up to about 448 oC.  The polymer 
matrix was found to undergo complete decomposition at about 557 oC, leaving 
behind a final residue of about 1.8 % which was due to the inorganic solid talc 
particles which were coated onto the EVA surface. 
 
Similarly the thermal oxidation of PDMS was also investigated by TGA in order to 
determine its onset and final decomposition temperatures. 
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3.5.2 Thermal decomposition of non-vulcanized PDMS gum 
 
 
Figure 3.5.4:  Thermo-gravimetric (TG) curve for PDMS gum in air (10 mL/min flow rate) at a 
heating rate of 10 oC/min. 
 
The results show that the initial weight loss of 3.310 % from 60.2 oC to 306.5 oC in 
which the maximum rate in weight loss was found to occur at 298.8 oC.  The onset 
decomposition temperature (T0.05) of the PDMS polymer matrix was taken as the 
temperature at which a 5 % weight loss was observed on the TG curve and therefore 
the initial weight loss observed might have been due to the loss of moisture, oils or 
other additives from the sample.  After the initial weight loss, there were two distinct 
decomposition steps which could be seen on the weight loss curve.  In the first step 
the sample showed a weight loss of 9.84 % in the temperature range 
306.5oC<T<439oC with the maximum rate in weight loss occurring at 397.2 oC.  The 
second decomposition step had the largest loss in mass (39.71%) and was observed 
to take place in the temperature range 439oC<T<597oC.   
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The observed results were consistent with the findings of Hanu et al. (12) and other 
reported literature on the thermal stability of the PDMS polymer (55).  The onset 
decomposition was found to be 377.3oC which was generally low for silicone 
polymers.  Reported literature described by Camino et al. (29), showed that such a 
low T0.05 and the subsequent temperatures for maximum decomposition rate could 
be expected in an oxygen-rich atmosphere since oxygen had been reported to 
generally lead to an accelerated rate in the thermal decomposition of the PDMS 
matrix.   In figure 3.5.4, the derivative weight curve was found to have a lot of peak 
shoulders at the second decomposition step (439oC<T<597oC) which was not 
observed at lower temperatures.    
 
This could be attributed to the formation of transient intermediates, which reacted as 
they were formed during the decomposition of PDMS at high temperatures.  Such a 
statement could be supported by the reported literature of Belot et al. (56) and Camino 
et al. (29).  They reported that during the thermal decomposition of PDMS in the 
presence of oxygen, there were two possible competing mechanisms.  One 
mechanism had a stabilizing effect on the PDMS matrix and lead to the formation of 
a ceramic-like solid end-product of silicon dioxide or silica (SiO2).  Belot et al. 
(56) also 
reported that the formation of silica was due to Si-O/Si-O exchanges in cross-linked 
polysiloxane chains that were formed during the first decomposition step.  
Alternatively, the second mechanism was observed to lead towards the formation of 
short chain oligomers which readily decomposed at high temperatures and resulted 
in a low residue yield of silica.  This was described to be due to redistribution 
reactions which caused Si-C/Si-O and Si-H/Si-O bond exchanges.  The residue yield 
obtained for the PDMS sample was found to be 47.08% and the composition of the 
residue was studied by PXRD analysis, shown in figure 3.5.5, in order to confirm the 
formation of silica as the end-product of PDMS thermal oxidation. 
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Figure 3.5.5:  PXRD pattern for end-product of PDMS after heating to 800oC in air. 
 
Figure 3.5.5 shows that the diffraction pattern observed was typical of amorphous 
silica (glass) and confirmed the formation of silica as the end-product of PDMS 
thermal oxidation.  A summary of the TGA results for both EVA (45%VA) and PDMS 
are given in table 3.5.1. 
 
Table 3.5.1:  Summarized TG results for EVA (45%VA) and PDMS. 
 
Parameter EVA(45%VA) PDMS 
T0.05 (
oC) 314.3 377.3 
Tmax (
oC) 447.7 546.0 
Residue yield (%) 1.742 47.08 
Tmax = temperature at maximum weight loss rate. 
 
The results show that PDMS was more thermally stable than EVA (45%VA) under 
the specified conditions of a 10mL/min air flow rate and 10oC/min heating rate.  The 
final residue yield obtained for PDMS was found to be larger than that of the unfilled 
EVA final residue due to the formation of silica as the end-product of PDMS 
decomposition.  The observed residue yield for EVA was possibly due to the 
presence of talc particles coated onto the surface of the EVA sample used in this 
study.  
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3.5.3 Thermal behavior of inorganic fillers in air 
 
The thermal reactions for Al(OH)3, CaCO3, muscovite mica, and calcined kaolinite 
were investigated by TG analysis in order to obtain information about their effects on 
the thermal stability of the 95%EVA/5%PDMS polymer and also the composition of 
the solid end-product was determined by PXRD patterns.   
 
3.5.3.1 Muscovite mica 
 
Muscovite mica is a potassium aluminium silicate mineral, belonging to the 
phyllosilicate group, with the chemical formula Al2(AlSi3O10)(OH)2.  It had been 
reported to have a layered crystal structure which consists of layers of silica 
tetrahedrons (SiO4) that are cross-linked by aluminium (Al
3+) cations.  Oxygen atoms 
and hydroxyl groups are coordinated to the Al3+ and potassium (K+) cations balance 
the overall negative charge of the structure (57). 
 
The thermogram obtained for muscovite mica, shown in figure 3.5.6, showed the 
weight loss steps that were observed on a muscovite mica sample heated to 1000oC 
at 10oC/min heating rate and 10mL/min air flow rate. 
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Figure 3.5.6:  Thermo-gravimetric curve obtained for muscovite mica upon heating to 1000oC 
in air. 
 
The results show a slow, gradual initial weight loss of 1.524% from 22 oC to about 
600 oC.  Over this range, a relative noisy derivative weight loss curve was observed 
with a broad peak, accompanying the observed weight loss.  The noise observed on 
the derivative curve may have been due to the instrument’s baseline noise or could 
suggest that the observed weight loss of the sample may have been accompanied 
by evaporation of volatile substances adsorbed on the muscovite sample or sample 
holders, such as moisture from 22 oC to 100 oC and volatile salts at higher 
temperatures.  At temperatures higher than 600 oC, the sample was found to 
undergo a more rapid weight loss which peaked at 771 oC and no weight loss was 
observed beyond 955 oC which showed the formation of a stable end-product.   
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The observed results are consistent with reported literature where it was mentioned 
that muscovite undergoes a gradual weight loss during heating to elevated 
temperatures due to the removal of water molecules entrapped in its structure.  The 
bulk of the weight loss was observed at relatively high temperatures as most of the 
entrapped water content was present in the crystal lattice of muscovite (58).  The 
initial weight loss could suggest that the release of water was slow at temperatures 
below 600oC.    PXRD analysis of muscovite mica samples at ambient temperature, 
before and after it was heated to 1000oC in air, are shown in figure 3.5.7. 
 
 
Figure 3.5.7:  Powder X-ray diffraction patterns obtained for muscovite mica at ambient 
temperature and muscovite mica heated to 1000oC.  The superimposed pattern corresponds 
to potassium aluminium silicate (KAl3Si3O11), PDF number 00-046-0741. 
 
The results show that the two muscovite diffraction patterns have similar diffraction 
patterns to that of the reference sample for a potassium aluminum silicate.   The 
whole diffraction pattern of the non-heated sample, however, was found to be slightly 
shifted towards higher 2ө positions in comparison to the superimposed reference 
pattern and the pattern of the heated muscovite sample.   
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This could possibly be an indication of slight changes occurring on the crystal 
structure of muscovite upon heating to elevated temperatures and such changes 
could be caused by loss of volatile gases such as water on the surface or within the 
crystal lattice. 
   
3.5.3.2 Calcium carbonate 
 
Calcium carbonate (CaCO3) can be obtained in a precipitated form or in a mineral 
form as aragonite, vaterite, or calcite with the latter being the most stable 
polymorphic form. Thus, the thermal behavior of CaCO3 is well known and involves 
two major thermal reactions, namely the transformations between the different 
CaCO3 polymorphs and the decomposition of CaCO3 to form calcium oxide (CaO).  
The transformation reactions of CaCO3 polymorphs occur at temperatures below the 
decomposition temperature (<600oC).  Aragonite starts to form calcite from 380-
470oC.  Calcium carbonate is known to undergo a single decomposition step 
according to the reaction (59):    
 
 
 
Hence the release of one mol or 44%w/w of CO2 gas can be clearly observed in a 
typical TGA graph (Fig. 3.5.8).   
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Figure 3.5.8:  Thermo-gravimetric curve for CaCO3 upon heating to 1000
oC in air. 
 
The results show that heating of a CaCO3 sample to 1000
oC was consistent with 
reported literature as only one decomposition step was observed at ~600oC which 
peaked at 732oC.  The PXRD analysis of the CaCO3 before and after heating to 
1000oC confirmed the decomposition product to be calcium oxide (CaO) as shown in 
figure 3.5.9. 
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Figure 3.5.9:  PXRD pattern for CaCO3 at ambient temperature and CaCO3 heated to 
1000oC.  Superimposed patterns correspond to pure CaCO3 (red) PDF number 01-086-2339 
and CaO or lime (black) PDF number 00-004-0777. 
 
The results show that the diffraction patterns of the non-heated CaCO3 and heated 
CaCO3 were significantly different to one another.  All the major peaks of the CaCO3 
were not present in the diffraction pattern of the heated CaCO3.  This showed that a 
chemical reaction occurred upon heating CaCO3 to 1000
oC resulting in the formation 
of a calcium oxide (CaO).  The peaks of the observed diffraction pattern of the 
product were slightly shifted towards higher 2ө values compared to that of the 
superimposed pattern.  This suggested that the crystallites of the sample product 
could have had a slightly distorted crystal structure compared to pure lime, a result 
which could be caused by the presence of impurities, or a fast heating rate. 
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3.5.3.3 Aluminium hydroxide 
 
The decomposition of Al(OH)3 involves the release of water molecules in three 
distinct stages and was confirmed by TGA analysis (Fig. 3.5.10): 
 
1. Al(OH)3  (OH)2Al-O-Al(OH)2    +  H2O  ~190-220
oC 
2. (OH)2Al-O-Al(OH)2   (OH)Al-O2-Al(OH)    +  H2O  ~220-380
oC 
3. (OH)Al-O2-Al(OH)     Al2O3                         +  H2O  ~ 380-800
oC 
 
The amount of water released in the reaction would be equivalent to ~34.62%w/w 
(60). 
 
 
Figure 3.5.10:  Thermo-gravimetric curve for Al(OH)3 heated to 1000
oC in air. 
 
The results show that the Al(OH)3 sample had an initial weight loss of 3.27% at 
240oC which was immediately followed by a sharp weight loss of 24.5% at 295oC.  
This shows that the first two steps during decomposition of Al(OH)3 are rapid.   
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The volatile gas products released at each step were not investigated 
experimentally, however literature reports that water is released at each step.  A final 
weight loss of 6.37% was found to occur from ~300oC to ~640oC and this was found 
to be accompanied by a broad derivative weight loss curve which peaks at 522oC.  
This suggested that the release of water molecules was slower at higher 
temperatures, which would probably be due to the formation of a more stable 
intermediate at ~300oC.  The overall weight loss of the sample was found to be 
33.76%w/w which was in agreement with reported literature (60).  The findings 
obtained from TG analysis showed similar observations reported in literature for the 
thermal decomposition of Al(OH)3.   
 
The chemical composition of the solid end-product was determined by PXRD 
analysis (Fig. 3.5.11). 
 
 
Figure 3.5.11:  PXRD pattern for Al(OH)3 at ambient temperature (black) and Al(OH)3 heated 
to 1000oC (brown) in air.  Superimposed are patterns corresponding to a mineral form 
Al(OH)3Nordstrandite (red lines), PDF number 00-024-006; and alumina (Al2O3) (black) PDF 
number 00-004-0878. 
ATH_heated
00-004-0878 (D) - Aluminum Oxide - kappa-Al2O3 - Y: 22.96 % - d x by: 1. - WL: 1.5406 - 
00-024-0006 (I) - Nordstrandite, syn - Al(OH)3 - Y: 9.32 % - d x by: 1. - WL: 1.5406 - Triclinic - a 5.0820
Operations: Import
Martinal OL 107 - File: ATH_non_heated.raw - Type: Locked Coupled - Start: 5.000 ° - End: 70.007 ° - S
Operations: Y Scale Mul  2.000 | Y Scale Add 1000 | Y Scale Add 1000 | Y Scale Mul  2.000 | Y Scale 
3)
2)
1)
ATH_heated - File: ATH_heated.raw - Type: Locked Coupled - Start: 5.000 ° - End: 70.007 ° - Step: 0.0
   ATH_heated - Left Angle: 34.301 ° - Right Angle: 35.958 ° - Left Int.: 352 Cps - Right Int.: 352 Cps - 
   ATH_heated - Left Angle: 41.414 ° - Right Angle: 43.616 ° - Left Int.: 319 Cps - Right Int.: 327 Cps - 
   ATH_heated - Left Angle: 65.804 ° - Right Angle: 69.320 ° - Left Int.: 355 Cps - Right Int.: 277 Cps - 
L
in
 (
C
o
u
n
ts
)
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000
31000
2-Theta - Scale
5 10 20 30 40 50 60 70
FWHM = 0.338
FWHM = 0.396
FWHM = 0.838
81 
 
The results show that the Al(OH)3 sample was found to best fit the pattern of a 
mineral form Al(OH)3, Nordstrandite.   For the heated Al(OH)3 sample, the observed 
diffraction pattern of the heated sample to 1000oC confirmed the product to be  
Al2O3.  However the intensities of the observed Al2O3 diffraction peaks were of low 
intensity and broad, suggesting that the Al2O3 crystallites that were formed were very 
small in particle size since the intensity and sharpness of a diffraction peak relates to 
the crystallite size by using the Scherrer equation (Equ. 3.1) (61).  By considering the 
FWHM estimation of the peaks at 35o, 43o, and 67o 2ө and assuming the Scherrer 
constant (K) to be equal to 0.9 and λ = 0.1542 nm, the approximate crystallite sizes 
(L) would be 0.3353± 0.0911 nm.  
 
  (3.1) 
This effect will have significant influence on the ceramifying properties of the polymer 
material where an additive such as Al(OH)3 would decompose upon heating to form 
very small particles.  The small particle size of the Al2O3 crystallites formed at 
1000oC would assist in obtaining a ceramic product with good mechanical properties 
such as flexural strength under a 3-point break load (chapter 2.2.4.2) (62). 
 
3.5.3.4 Calcined kaolinite 
 
Kaolinite is an alumino-silicate mineral with the chemical formula Al2Si2O5(OH)4.  It 
consists of a layered crystal structure.  Each layer consists of silica (SiO4) 
tetrahedrons and two Al3+cations surrounded by six –OH groups to balance the 
overall charge.   
The calcined form of kaolinite is obtained by heating the mineral to temperatures as 
high as 1000oC in order to remove water molecules embedded within the mineral 
structure, either adsorbed on its surface or water within the its crystal lattice (57). 
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Figure 3.5.12:  Thermo-gravimetric curve obtained for calcined kaolinite upon heating to 
1000oC in air. 
 
In figure 3.5.12 only a weight loss of ~2% was observed for the calcined kaolinite 
sample.  Furthermore the accompanying derivative weight loss curve was noisy and 
did not show any significant peaks that are representative of the decomposition of 
the sample.   Therefore the observed weight loss can be assumed to be due to the 
decomposition of substances, such as moisture and salts, adsorbed onto the 
calcined kaolinite sample or from the sample holders.  The observed results are 
typical for substances that are thermally highly stable and have been dried or 
dehydrated prior to their TG analysis such as a calcined form of kaolinite.  The 
chemical composition of the solid end-product was then determined by PXRD 
analysis and the results are shown in figure 3.5.13. 
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Figure 3.5.13:  PXRD pattern of calcined kaolinite at ambient temperature (red) and calcined 
kaolinite heated to 1000oC (black).  The superimposed pattern corresponds to non-calcined 
kaolinite PDF number 00-003-0059. 
 
The results show that the diffraction pattern of the calcined kaolinite sample 
contained very broad peaks and was typical of a disordered kaolinite structure.  
Some of the peaks in the reference sample were not observed on the experimental 
samples.  The samples used in this study were obtained as dehydrated or calcined 
kaolinite and hence it was expected that the observed diffraction pattern would not 
entirely fit the reference kaolinite diffraction pattern.  The peaks were also found to 
be of low intensity and broad, suggesting that the crystallites had a small particle 
size.  By considering the FWHM estimates for the peaks at 46o and 67o 2ө, the 
approximate crystallite particle size was estimated to be 0.1496 ± 0.0162 nm using 
the Scherrer equation (3.1).   
 
 
 
Arbedare Al-silicate heated
00-003-0059 (D) - Kaolinite - Al2Si2O5(OH)4 - Y: 18.18 % - d x by: 1. - WL: 1.5406 - Triclinic - a 5.14000 - b 8.93000 - c 7.37000 - alpha 91.100 - beta 105.000 - gamma 90.000 - 326.693 - F30=  1(0.0720,340)
Operations: Y Scale Add -1000 | Y Scale Add -1000 | Y Scale Mul  1.292 | Y Scale Mul  2.000 | Y Scale Mul  2.000 | Y Scale Mul  2.000 | Y S
Huber 70c - File: Kaolin_non_heated.raw - Type: Locked Coupled - Start: 5.000 ° - End: 70.007 ° - Step: 0.020 ° - Step time: 19.1 s - Temp.: 25 °C (R om) - Time Started: 0 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi:
Operations: Y Scale Add -1000 | Y Scale Add -1000 | Y Scale Add -1000 | Y Scale Add -1000 | Y Scale Mul  1.333 | Y Scale Add 1000 | Y Scale
2)
1)
Arbedare Al-silicate heated - File: Kaolin_heated.raw - Type: Locked Coupled - Start: 5.000 ° - End: 70.007 ° - Step: 0.020 ° - Step time: 19.1 s - Temp.: 25 °C (Room) - Time Started: 0 s - 2-Theta: 5.000 ° - Theta: 2.
   Arbedare Al-silicate heated - Left Angle: 44.142 ° - Right Angle: 47.900 ° - Left Int.: 594 Cps - Right Int.: 613 Cps - Obs. Max: 46.160 ° - d (Obs. Max): 1.96498 - Max Int.: 742 Cps - Net Height: 138 Cps - FWHM: 
   Arbedare Al-silicate heated - Left Angle: 64.793 ° - Right Angle: 69.562 ° - Left Int.: 599 Cps - Right Int.: 553 Cps - Obs. Max: 66.935 ° - d (Obs. Max): 1.39682 - Max Int.: 802 Cps - Net Height: 223 Cps - FWHM: 
L
in
 (
C
o
u
n
ts
)
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000
31000
2-Theta - Scale
5 10 20 30 40 50 60 70
FWHM = 1.248
FWHM = 0.910
84 
 
3.5.3.5 Di-ammonium hydrogen phosphate 
 
The thermal decomposition of the di-ammonium hydrogen phosphate was 
characterized by the release of ammonia gas as a by-product via the reaction:  
 
……~170oC at STP; which leads towards the 
in-situ formation of H3PO4 as an end-product 
(16, 17). 
 
 
Figure 3.5.14:  Thermo-gravimetric curve obtained for a di-ammonium hydrogen phosphate 
sample heated to 1000oC in air. 
 
The results show a gradual weight loss from about 166oC to 1000oC.  In literature, it 
has been reported that ammonia gas is released during the decomposition of an 
ammonium phosphate (16).  The addition of (NH4)2HPO4 in the ceramifiable 
EVA/PDMS composite was found to have adversely negative effects on the 
properties at room temperature and upon heating to 1000oC which are discussed in 
chapter 3.8.3. 
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3.6 Thermal decomposition of the ceramifiable 95%EVA/5%PDMS composite 
 
3.6.1 Thermo-gravimetric analysis (TGA) 
 
As it was mentioned in Chapter 1, the thermal stabilities of polymers are generally 
affected by the heating rate of the temperature source, the atmospheric conditions 
and also the addition of certain inorganic compounds, such as metal hydroxides, 
silicate minerals, metal carbonates, and inorganic phosphates.  The main objective 
of the addition of inorganic fillers was to improve the polymer’s thermal stability by 
delaying the onset decomposition temperature (T0.05) and to produce a complete 
decomposition product as a result of higher temperature exposure that would be 
mechanically stable for the purpose of an electrical cable insulation/sheath.  The 
thermogram in figure 3.6.2 is an example of the EVA/PDMS polymer matrix with 
inorganic fillers prepared in this study (sample 3 in Table 3.4, chapter 3.4).  The 
results were compared to the thermograms obtained for an unfilled 
95%EVA/5%PDMS sample without any inorganic fillers, shown in figure 3.6.1.   
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Figure 3.6.1:  Thermo-gravimetric curve for unfilled 95%EVA/5%PDMS polymer upon 
heating to 1000oC in air. 
 
The results show that the decomposition of EVA in the presence of 5% PDMS 
showed a slight shift towards a lower onset decomposition temperature from 314oC 
to 293oC.  This could possibly be caused by the presence of unreacted peroxide 
molecules introduced during the curing or cross-linking process.  At high 
temperatures these may accelerate the decomposition of the polymer and hence 
caused the onset decomposition of the EVA based polymer matrix to be slightly 
shifted towards a lower temperature than observed for neat EVA.  The 
decomposition steps were found to have occurred at similar temperatures (350oC 
and 450oC) as observed for neat EVA, however the complete decomposition of the 
polymer matrix was found to occur at 604oC.  This shift towards a slightly higher 
temperature was possibly due to the slightly higher thermal stability of PDMS to that 
of EVA.   
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Figure 3.6.2:  Thermogravimetric curve of a ceramifiable 
EVA/PDMS/Al(OH)3/CaCO3/calcined kaolinite/muscovite composite sample.  
 
Figure 3.6.2 shows that there are four decomposition steps observed when heating a 
filled EVA/PDMS sample from room temperature to 1000oC.  The weight losses 
observed at 348oC and 435oC were consistent with the decomposition of the unfilled 
EVA/PDMS (Fig. 3.6.1).  The weight change observed in the initial decomposition 
step was found to be about 18.87% of volatile gas products.  The observed weight 
change was consistent with the decomposition step observed over the same 
temperature range for the unfilled EVA/PDMS that showed a loss of about 33.30% 
(Fig. 3.6.1), however the filled EVA/PDMS sample contained only 40% w/w EVA 
explaining the initial weight loss of 18.87% in figure 3.6.2 to the 33.3% observed in 
figure 3.6.1 where the EVA content in the sample was 95% w/w.  Similarly, the 
second decomposition step observed in this sample was also consistent with the 
findings of the second decomposition step for the unfilled EVA/PDMS sample (Fig. 
3.6.1).   
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The third decomposition step was found to be shifted towards a higher temperature 
from about 523 oC (Fig. 3.6.1) to 599 oC.  An additional decomposition step was 
observed for the composite sample with a peak at about 694 oC.  This was possibly 
due to the decomposition of CaCO3 to form CaO and CO2 gas as was observed on 
the X-ray diffraction pattern and TGA profile of pure CaCO3 (Figs. 3.5.8 and 3.5.9).  
The observed final residue of 37.5% by weight was possibly due to the formation of a 
ceramic-like end-product formed by the reaction of the inorganic fillers at high 
temperatures. 
 
A comparison of the thermal decomposition of unfilled EVA, unfilled 
95%EVA/5%PDMS blend and the ceramifiable EVA/PDMS composite is given in 
figure 3.6.3 and table 3.6.1. 
 
 
Figure 3.6.3:  Thermo-gravimetric curves obtained for neat EVA, 95%EVA/5%PDMS blend 
and ceramifiable EVA/PDMS composite heated to 1000oC in air. 
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Table 3.6.1:  Summary of the TGA results obtained for neat EVA, 
95%EVA/5%PDMS polymer and EVA/PDMS ceramifiable composite. 
 
Sample  T0.05 (
oC) Tmax (
oC) Residue yield 
(%) 
Tcomp. (
oC) 
EVA 314 448 1.742 556 
95%EVA/5%PDMS 293 449 1.805 604 
EVA/PDMS/fillers 313 435 37.50 694 
Tcomp. – Temperature at which complete polymer decomposition or onset of residue 
formation is observed. 
 
The results show that the presence of inorganic fillers in the 95%EVA/5%PDMS 
polymer matrix causes a shift in T0.05 towards higher temperatures.  The temperature 
at which the rate of decomposition was the highest (Tmax) was lower in the presence 
of the inorganic fillers.  This could suggest that the second decomposition step was 
accelerated in the presence of the inorganic fillers.  In section 3.5.3, it was shown 
that Al(OH)3 decomposed from 294
oC to ~600oC.  The decomposition of Al(OH)3 was 
accompanied by the subsequent release of water molecules at each decomposition 
step.  Generally the endothermic decomposition of Al(OH)3 had been reported to 
exert a “cooling” effect on a polymeric substrate by removing excess heat that builds 
up during heating, however the subsequent release of water had also been shown to 
accelerate the decomposition of the polymer matrix (11).  The residue yield of the 
EVA/PDMS/fillers sample was attributed to the formation of a ceramic-like end-
product at temperatures higher than 700oC.  The ceramic end-product was found to 
undergo no further weight loss and therefore stable up to 1000oC 
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3.6.2 PXRD analysis of the thermal decomposition of a ceramifiable EVA/PDMS 
composite sample 
 
The thermal decomposition of the ceramifiable 95%EVA/5%PDMS composite with 
di-ammonium hydrogen phosphate was studied by in-situ PXRD analysis.  The 
objective was to monitor changes in the diffraction pattern (crystalline and 
amorphous phases) of the composite, observed at ambient temperature, relative to 
increasing temperature.  This allowed for the identification of temperatures where 
major phase changes occurred during thermal decomposition, such as the 
diminishing of initial phases and formation of new phases at higher temperatures.  
The observed phase changes to the diffraction pattern were representative of the 
chemical changes that occurred during thermal decomposition of the composite (Fig. 
3.6.5 to 3.6.6).  The crystalline phases of the final ceramic were qualitatively 
identified by comparing the respective peaks to the ICDD PDF database (67) (Fig. 
3.6.4)  
 
 
Figure 3.6.4:  Diffraction pattern for the ceramifiable 95%EVA/5%PDMS composite with 
ammonium phosphate at ambient temperature.  The superimposed patterns correspond to 
muscovite mica (red); CaCO3 (green); Al(OH)3 (purple); and kaolinite (blue).   
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The results show the presence of muscovite mica, Al(OH)3, CaCO3 and calcined 
kaolinite.  The amorphous halo between 2ө ≈ 10o to 30o, as shown in figure 3.1.3, 
was due to the amorphous phase of the polymer component of the composite.   
 
The in-situ PXRD patterns for the sample 2 (Table 3.4) from ambient temperature to 
850 oC is shown in figure 3.6.5. 
 
 
Figure 3.6.5:  3D diffraction pattern of ceramifiable 95%EVA/5%PDMS composite with 
ammonium phosphate at different temperatures (50oC – 850oC).  Also shown is the 
diffraction pattern obtained at 400oC. 
 
The results show that there was an overall decrease in the intensities of each of the 
crystalline peaks as the temperature was increased from 50oC to 400oC.  Similarly 
the amorphous phase between 2θ ≈ 15o to 25o was also found to disappear around 
400oC which was in agreement with the TGA results that indicate the onset of the 
decomposition of the polymer at these temperatures.   
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The Al(OH)3 peak at 2θ ≈ 18.5  was found to disappear at relatively low temperatures 
which was consistent with the observed TGA results shown earlier in figure 3.5.10 of 
section 3.5.3.  The major changes in the observed crystalline phases of the sample 
are shown in figure 3.6.6 
 
 
Figure 3.6.6:  PXRD patterns of the ceramifiable EVA/PDMS sample with ammonium 
phosphate at selected temperatures: ambient temperature (black); 400 oC (red); 450 oC 
(blue); 850 oC (brown) and the diffraction pattern of the ground/bulk ceramic at 850 oC 
(green). 
 
The results show that the muscovite mica peaks were of low intensity at 450 oC and 
dissapeared when the temperature reached 850 oC.  This was observed for the outer 
surface of the EVA/PDMS composite sample.  The diffraction pattern obtained for the 
ground ceramic product at 850 oC was found to have peaks similar to those obtained 
at 400 oC, with the mica peaks being dominant but there were two additional peaks 
at 2ө ≈ 21.5o and 28o.  The difference in the observed crystalline phases of the outer 
surface of the ceramic product and the ground ceramic (representing the bulk 
surface) showed that there was possibly an asymmetric chemical composition across 
the thickness of the ceramic product.   
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A detailed description of the different crystalline phases observed on the outer 
surfaces and the bulk surface is given in chapter 3.7. 
3.7 Chemical and structural composition of the ceramic EVA/PDMS composite 
 
3.7.1 Chemical composition  
 
From the in-situ study, it was observed that there was a variation in the structural and 
possibly chemical composition across the thickness of the ceramified material.  The 
phase composition of the outer skin layer of the ceramic product was compared to 
the bulk composition by PRXD analysis.  The ceramic test specimens were prepared 
by heating 2mm thick circular polymer composite (5mm diameter) samples on a 
refractory support base (fire brick) to 1000oC.  By placing the composite on a 
refractory support meant that the one side of the composite was exposed to more of 
the atmosphere when compared to the middle and bottom section that was in contact 
with the fire brick surface.  The sample was analyzed in three different sectional 
areas, (i) the top outer surface which was in direct contact with the atmosphere; (ii) 
the bottom surface which was in contact with the fire brick; and (iii) the bulk surface 
underlying the surrounding ceramic skin.    
 
The structural composition of the ceramic sample was analyzed by (1) placing the 
whole sample in the sample holder of the diffractometer (for outer skin analysis), and 
(2) analyzed by crushing the whole sample into a powder with a mortar and pestle 
before placing it onto a relevant sample holder (for bulk/underlying structure).   
 
The diffraction patterns are shown in figure 3.7.1.  
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Figure 3.7.1:  PXRD patterns observed for the top ceramic skin layer (orange), bottom 
ceramic skin layer (green) and the bulk ceramic composition (black). 
 
The PXRD results show that there is a significant difference between the phase 
composition of the outer skin layers (bottom and top surfaces) to that of the bulk 
ceramic.  The intensities of the diffraction peaks associated with the top outer 
surface were very small and broad, which is a character typical of amorphous or 
nano-type material.   A more pronounced diffraction pattern was observed for the 
bulk ceramic material with the bottom part of the ceramic sample showing again very 
small and broad diffraction peaks.  This implies that the three layers of the ceramified 
material were possibly asymmetric or non-homogeneous in composition distribution 
across the thickness of the ceramic strip.  Where possible, the crystalline phases in 
each of the layers were identified and are summarized in figures 3.7.2 to 3.7.3.  The 
diffraction patterns of the three layers were compared to that of the pure heated 
muscovite mica sample on the same graph.  
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Figure 3.7.2:  PXRD patterns for heated muscovite mica (1000oC) and bottom skin layer of 
the ceramic product.  Superimposed patterns: (red) potassium aluminium silicate PDF 00-
004-0777; (black) CaAl2Si2O8 (Arnothite) PDF 00-041-1486; (purple) Calcium silicate oxide 
PDF 00-002-0506. 
 
The results of the bottom surface analysis showed that the crystalline phases did not 
match the diffraction pattern of the heated mica (potassium aluminium silicate) which 
was one of the main components in the ceramic material.  The results suggested that 
during the formation of the ceramic product during heating, the mica particles 
remained predominantly in the middle of the sample and that the calcium silicates 
were probably the predominant phase near the bottom of the sample after heating.  
 
This observation was also made by Mansouri et al. (55) who described that during 
heating of a ceramifiable silicone-mica polymer composite to 600oC and 1000oC, 
inorganic filler particles accumulated near the polymer surface and formed a 
continuous ceramic skin-like layer.  
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The identified crystalline phases could be the mineral Anorthite (CaAl2Si2O8) and 
calcium silicate oxide (Ca2SiO4) and since the diffraction pattern was of low intensity, 
not all the diffracted peaks could be clearly matched.  
 
There were no clear matches of the small peaks observed in the diffraction pattern of 
the top skin layer as it was shown in figure 3.7.1 and hence qualitative analysis was 
not carried out for the top outer ceramic surface.  
 
 
Figure 3.7.3:  PXRD pattern obtained for the bulk ceramic surface and muscovite mica 
heated to 1000oC.  Superimposed patterns: potassium aluminium silicate (red) PDF 00-004-
0777; CaAl2Si2O8 (black) PDF 00-041-1486; and CaSiO4 (purple) PDF 00-002-0506. 
 
The results of the bulk ceramic composition show the presence of CaAl2Si2O8 and 
Ca2SiO4.  A peak at 2ө = ~52 (marked “A”) was found to show the presence of 
aluminium oxide (Al2O3).  The major part of the diffraction pattern was found to 
contain KAl3Si3O11 peaks (2ө = ~8, 18, 19.7, 26.5, 35.7, and 45).  The KAl3Si3O11 
was earlier shown to be the decomposition product of muscovite mica, which was 
formed via a de-hydroxylation reaction upon heating muscovite mica to 1000oC.   
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This showed that the bulk composition of the ceramic product was possibly made up 
of the muscovite derivate KAl3Si3O11.   
 
3.7.2 Structural composition 
 
The structural features of the ceramic product were determined from rectangular 
samples with ~30 mm x 13 mm x 2 mm dimensions after heating to 1000oC and 
microstructure images of the different surfaces of the ceramic were obtained by 
stereo microscopy and SEM.   
 
 
Figure 3.7.4:  Stereo microscopy image of the top view of the ceramic outer and underlying 
surfaces (sample 2, Table 3.4). 
 
 
Outer ceramic skin layer 
Inner underlying ceramic layer 
Micro cracks on outer skin layer 
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Figure 3.7.5:  Stereo microscopy image of the top view of underlying bulk ceramic surface 
(sample 2, Table 3.4). 
 
The results show that the outer layer consisted of a compact ceramic surface with 
micro-cracks whereas the inner, underlying layer contained shiny, crystal-like 
spheres and numerous micro-pores within the ceramic walls.  The pores were 
dispersed relatively uniformly across the ceramic walls which could be explained as 
the entrapment of gases in a transient liquid phase during the solidification process 
of the ceramic product (24).  The absence of micro pores on the outer skin surface 
suggested that, since the top surface was predominantly exposed to the atmosphere 
during heating, oxidation might have occurred and thus preventing the formation of a 
transient liquid which inhibited the process of gas entrapment on the outer surface.   
 
 
 
Micro pores 
Shiny spheres  
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Figure 3.7.6:  Stereo microscopy image of the cross-sectional view of underlying bulk 
ceramic surface (sample 2, Table 3.4).  
 
 
Figure 3.7.7:  Stereo microscopy image of the top view of outer ceramic corner edges 
(sample 2, Table 3.4). 
 
The results of the cross-sectional view of the ceramic product show that it had a 
relatively ordered structural framework consisting of seemingly stacked ceramic 
layers across its thickness.  A similar stacking arrangement was described by Gridi-
Bennadji et. al (63) in a study of muscovite / kaolinite ceramics and furthermore the 
ceramic edges at the corners were observed to remain intact with no significant 
deformations upon formation of the ceramic product at 1000oC.   
Ceramic layers 
Ceramic corner edge 
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This observation suggested a possibly high thermal stability of the resultant ceramic 
product and also its shape retention properties.   
The surfaces of the ceramic product were studied at even higher magnification than 
provided by the stereo microscope.  A set of SEM images was used to show a more 
detailed description of the nature of the ceramic microstructure (Fig. 3.7.8 to 3.7.10). 
 
 
Figure 3.7.8:  Side view of the outer surface and edges of the ceramic product under SEM 
(sample 2, Table 3.4). 
 
 
Figure 3.7.9:  Top view of underlying inner ceramic surface under SEM (sample 2, Table 
3.4). 
 
 
 
 
101 
 
 
Figure 3.7.10:  Top view of outer ceramic skin layer under SEM (sample 2, Table 3.4). 
 
The results show a similar microstructure to that observed under stereo microscopy 
with the underlying ceramic surface having numerous micro-pores dispersed 
relatively uniformly on the ceramic walls and also the presence of crystal-like 
material bonded onto the ceramic bulk (Fig. 3.7.9).  The outer surface was also 
found to be compact and had no micro-pores. The images obtained by SEM showed 
a structural composition of the ceramic product that was consistent with the images 
obtained using stereo microscopy studies.   
 
The incorporation of at least 12%w/w of di-ammonium hydrogen phosphate in 
sample 2 (Table 3.4) of the ceramifiable EVA/PDMS composite was found to change 
the structural properties of the ceramic product as shown in figure 3.7.11. 
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Figure 3.7.11:  Stereo microscopy image of the cross-section (left) and top surface (right) of 
the ceramic product with di-ammonium hydrogen phosphate. 
 
3.8 Size and shape retention properties of the ceramic product 
 
The size and shape properties of the ceramic product were important as it was 
desired that upon heating the ceramifiable EVA/PDMS composite to 1000oC, the 
original size and shape of the heated sample be retained and show no major 
deformations.  Size and shape retention would be important in an electric cable as it 
would possibly prevent bending or wilting of the ceramified cable and also possibly 
prevent it from disintegrating at elevated temperatures encountered in a fire situation 
(~1000oC).  The results given in chapter 3.8.1 to and 3.8.2 where obtained for the 
ceramifiable EVA/PDMS composite without di-ammonium hydrogen phosphate. 
 
3.8.1 Sample dimensions and shape retention  
 
The dimensional changes upon heating the ceramifiable EVA/PDMS composite to 
1000oC were investigated on 30mmx13mmx2mm samples and the results are shown 
in figure 3.8.1.   
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Figure 3.8.1:  Image of the sample dimensions of the ceramic product (sample 2, Table 3.4). 
 
Table 3.8.1:  Changes in sample dimensions before and after heating to 1000oC. 
 
 Length (mm) Width (mm) Thickness (mm) 
At room temperature 30.0 13.0 2.0 
After heating to 1000oC 28.8 12.3 3.1 
Change (%) -4.0 -5.4 +55 
 
The results show that the most significant changes in sample dimensions after 
heating occurred along the width and thickness of the sample.  Shrinkage was found 
to occur along the length and width and the thickness of the sample was found to 
swell.  Shrinkage of the sample could be associated with the decomposition of the 
organic polymer material and also some of the inorganic fillers which decompose 
upon heating (CaCO3, mica, and Al(OH)3) (chapter 3.5.3).  These observations were 
consistent for all the ceramics produced in this manner with slight variations 
observed for the actual values.   
Thickness (mm) Length (mm) 
Width (mm) 
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The swelling observed along the thickness could be as a result of the formation of 
gas bubbles entrapped on the outer ceramic surface, as shown in figure 3.8.2.   
 
Figure 3.8.2:  Top view of a stereo microscopy image of the outer skin layer surface of the 
ceramic product. 
 
 
                     
                     
Figure 3.8.3: Size and shape retention properties of ceramifiable EVA/PDMS composite 
(sample 2, Table 3.4). 
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The shape and size retention results show that there were minimal changes in both 
the shape and the size of the ceramifiable EVA/PDMS sample after heating to 1000 
oC.  The observed results could be explained by the formation of micro-pores which 
were uniformly distributed within the inner ceramic walls.  The volume of material lost 
as gaseous by-products during the decomposition of the ceramifiable EVA/PDMS 
composite could be related to the volume occupied by the pores within the ceramic 
walls.  This observation has been reported in literature (24) where it is described that 
the volume occupied by the micro-pores is approximately equal to the volume the 
material losses through the decomposition of volatile gases.  This could therefore 
enable the ceramified composite to maintain its original shape and size at elevated 
temperatures. 
 
The self-supporting properties of the ceramic product were determined by placing a 
30mm x 13mm x 2mm rectangular composite sample on a refractory support base 
(firebrick) with 13mm of its length hanging over the edge of the support base (Fig. 
3.8.4).  The composite sample was then heated to 1000oC in a furnace and the 
resultant ceramic product was observed for any bending over the edge of the 
firebrick.  The US patent specified that, for ceramifying polymer composites, the 
ceramic sample would be assumed to be self-supporting if it did not bend over an 
angle of more than 15o over the edge of the refractory support base (24).  The results 
were typical for all the ceramifiable EVA/PDMS samples prepared in this study. 
 
 
Figure 3.8.4:  Self-supporting properties of a ceramifiable EVA/PDMS composite (sample 2, 
Table 3.4). 
Ceramic product 
sample 
Refractory support - 
firebrick 
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The results show that there was no significant bending observed on the ceramic 
product, with bending angle measurements typically not exceeding 5o over the edge 
of the firebrick and thus meeting the US patent specification on the self-supporting 
property for a ceramifiable polymer composite (24).  Also these results were 
consistent for all the EVA/PDMS composites in Table 4.2 (chapter 4).  This 
suggested that the ceramic product obtained for the ceramifiable EVA/PDMS 
composite, without di-ammonium hydrogen phosphate, was self-supporting within 
the upper and lower concentration limits specified in this study (Table 4.1). 
 
3.9 Flammability of the ceramifiable EVA/PDMS composite at ambient 
temperature 
 
The flammability of the ceramifiable EVA/PDMS composite was determined in terms 
of its limiting oxygen index (LOI) which is a measure of the volume of oxygen 
required by a material to maintain a self-propagating flame onto its surface for a 
given amount of time (seconds) or length (mm).  The method for measuring the LOI 
for the ceramifiable EVA/PDMS composite was based on a method specified in the 
ISO 4589-2 standard of material testing.   
 
Table 3.9.1:  Recipes for the two samples used to determine the LOI of the 
ceramifiable EVA/PDMS composite. 
 
Sample name Variable concentration (%w/w) 
A  B  C  D  E  
Low filler 52.7 18.0 9.0 10.6 9.7 
High filler 44.0 15.5 12.1 15.4 13.0 
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The testing method is specified in the ASTM D2863-09 and ISO 4589-2 standards 
where the a sample that is observed to burn for more than 3 minutes or beyond a 
specified marking on the sample (50 mm along the length of the sample) is 
designated with an “X” and one that self-extinguishes before these parameters is 
designated by an “O”.  The pattern of the X and O’s would then be used to calculate 
the k value, from a table found in the standards, which is a proportionality constant 
and used to calculated the LOI using equation 2.5. 
 
Table 3.9.2:  LOI results obtained for the “low filler” sample. 
 
 CF 
Oxygen concentration 
(%) 
27.1 26.9 26.7 26.5 26.5 26.3 26.1 26.3 26.1 
burning period (s) >180 26 46 39 >180 >180 23 >180 >180 
response (X or O) X O O O X X O X X 
k value from table: 0.04 
 
Using equation 2.4, the oxygen index (OI) for the “low filler” sample was found to be 
26.6 %, meaning that at oxygen volume concentrations lower than 26.6 %, the 
sample would generally be considered to be flame retardant which assumes that at 
those lower oxygen concentrations, a self-propagating flame would not be sustained 
for at least 3 minutes when the material burns.  Similarly for the “high filler” sample, 
the oxygen index was calculated to be 27.7 % and the results are given in table 
3.9.3.  The minimum LOI requirement/specification for a cable insulation/sheath as 
per SANS 1411-5:2011 standard is 27% and the results obtained showed that the 
ceramifiable EVA/PDMS composite would meet this LOI specification for cable 
insulation/sheathing material. 
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Table 3.9.3:  LOI results obtained for the “high filler” sample. 
 
 CF 
Oxygen concentration 
(%) 
26.9 27.1 27.3 27.5 27.5 27.7 27.9 28.1 27.9 
burning period (s) 14 9 16 >180 25 16 14 >180 47 
response (X or O) O O O X O O O X O 
k value from table: 0.30 
 
3.10 A double-core ceramifiable cable insulation versus a single core 
insulation 
 
3.10.1 Analysis of the Olex ® commercial double-core ceramifiable cable 
insulation 
 
The results that were observed for the ceramified EVA/PDMS composite without di-
ammonium hydrogen phosphate showed desired structural properties for its 
application as a cable insulation, such as self-supporting properties, good thermal 
stability as it showed no disintegration at 1000oC and also size and shape retention 
properties.  It was also important in this study to consider the effect of the thermal 
expansion of the conducting wires of the desired electric cable at high temperatures 
(1000oC).  The thermal expansion of the conducting wires upon exposure to intense 
heat would cause friction with the ceramified EVA/PDMS (ceramic product) and 
cause the compact structure of the ceramic to crack and thus expose the underlying 
conducting wires.  This was shown to occur for some commercial ceramic-forming 
cable products that formed a ceramified insulation upon heating to 1000oC but 
showed significant cracks due to the expansion of the underlying copper wires (Fig 
3.10.1). 
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Figure 3.10.1:  Commercial cable samples, with ceramifiable insulations, after heating to 
1000oC in air at the NMMU lab. 
 
The results show that it was important to develop a cable insulation which would 
have minimal surface cracking after heating to 1000oC.  The concept of using a 
doubly layered or sheathed ceramifiable cable insulation was recognized on a 
commercial Olex ® cable (Fig. 3.10.2).  
 
(a)  (b) 
Figure 3.10.2:  Sample of an Olex cable with a ceramifiable insulation at room temperature 
(a), and after heating to 1000oC (b). 
 
The composition of the inner layer of the cable was found to be made up of unfilled 
silicone (PDMS) polymer (Fig. 3.10.3) which, upon heating to 1000oC in air, would 
form a powdery ceramic-like product of silica (SiO2) (Fig. 3.10.5).   
Silicone insulated cable 
from a Swiss company 
South African silicone-
based ceramic-forming 
cables from Aberdare 
Cables ® 
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The composition of the outer layer was found to be made up of a ceramifiable 
polyvinyl chloride (PVC) based composite (Fig. 3.10.4).  Upon heating to 1000oC the 
outer layer was found to form a ceramic product which possibly was composed of an 
aluminum phosphate (AlPO4) product as shown in figure 3.10.6 and also shown was 
that there was no evidence of the presence of muscovite mica in the ceramified Olex 
® cable outer layer.  
 
 
Figure 3.10.3:  IR spectrum obtained for the inner layer of the Olex cable at ambient 
temperature. 
 
The results show typical absorption bands for PDMS as it was also shown for the 
PDMS sample used in this study (Fig. 3.1.2). 
 
29
72 
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Figure 3.10.4:  IR spectrum obtained for the outer layer of the Olex cable at ambient 
temperature. 
 
The results show that the experimental vibrational bands were found to resonate at 
669 cm-1 which would be due to the C-Cl stretch vibration in PVC.  The sharp 
absorbance at about 1009 cm-1 is typically due to vibration of the main chain and at 
2927 and 2921 cm-1 there are C-H stretch vibrations of –CH3 groups 
(64). 
 
After heating the Olex cable to 1000oC, the PXRD patterns of the ceramified 
products were obtained and the results are shown in figures 3.10.5 and 3.10.6 where 
a typical amorphous halo for the formation of SiO2 was obtained for the inner ceramic 
layer and the diffraction pattern of the outer ceramic layer was found to possibly be 
composed of an aluminum phosphate product with no evidence of the presence of 
muscovite mica peaks observed on the diffraction pattern. 
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Figure 3.10.5:  PXRD pattern obtained for the inner ceramified layer of the Olex cable. 
 
 
Figure 3.10.6:    PXRD patterns obtained for muscovite mica and outer ceramic layer of the 
Olex cable heated to 1000oC in air.  Superimposed PDF reference pattern (00-050-0054) 
corresponds to aluminum phosphate (AlPO4). 
 
The Olex double-layered insulation was found to have the least surface cracks 
formed on the outer ceramic layer after heating to 1000oC as shown in figure 3.10.7.  
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This could be attributed to the reduction of friction between the more compact and 
continuous outer ceramic and the conducting copper wires which undergo thermal 
expansion during the heating process.  Friction was possibly reduced by the inner 
silica layer formed at 1000oC which could act as an interface that allowed for the 
thermal expansion of the wires without coming into direct contact with outer ceramic 
layer.   
 
  
Figure 3.10.7:  Commercial ceramifiable cable samples at room temperature (right) and after 
heating to 1000oC (left). 
 
It was found in this study that the concept of using a double-layered or sheathed 
cable insulation with an inner and outer polymer composite layer which would form a 
powdery ceramic product and a more compact, continuous and strong ceramic 
respectively upon exposure to intense heat.  It was observed that this concept could 
be achieved in ceramifiable EVA/PDMS composite by either adding muscovite mica 
in order to obtain a strong, compact and continuous ceramic product or removing 
muscovite mica from the composite in order to obtain a powdery ceramic product at 
1000oC.  The results are given in chapter 3.10.2. 
 
 
 
 
Olex® 
 cable samples 
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3.10.2 Effect of muscovite mica on the structural properties of the EVA/PDMS 
ceramic product 
 
The two ceramifiable EVA/PDMS composites were prepared according to the mixing 
procedure in Chapter 2 and the recipes are shown in Table 3.10.1 and figures 3.10.8 
and 3.10.9 show samples that were heated from room temperature to 1000oC.  
 
Table 3.10.1:  Recipes for the ceramifiable EVA/PDMS composites with and without 
muscovite mica. 
 
 EVA 
(45% VA) 
(%w/w) 
PDMS 
(%w/w) 
Muscovite 
mica 
(%w/w) 
Calcined 
Kaolinite 
(%w/w) 
CaCO3 
(%w/w) 
Al(OH)3 
(%w/w) 
Peroxide 
 (%w/w) 
Composite 1 51.7 3.9 10.6 9.0 11.8 13.0 2.0 
Composite 2 51.7 3.9 0.0 12.5 15.3 16.5 2.0 
 
(a)  (b) 
Figure 3.10.8:  Camera images of ~30 mm x 13 mm x 2 mm ceramic test pieces for  
composite 1 (a) and composite 2 (b). 
 
 
 
 
Outer 
ceramic 
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Figure 3.10.9:  Stereo microscopy image of the cross-section of the composite 2 ceramic 
product. 
 
The results show that the ceramic product obtained for the ceramifiable EVA/PDMS 
composite without muscovite mica consisted of large cracks on the outer surface and 
the cross-section was found to consist of a rough internal structure which lacked any 
form of an ordered framework.  Also it was difficult to handle its ceramic sample as it 
was very brittle and crumbled easily.  The results could be attributed to a lack of the 
formation of a ceramic product with an ordered structural framework as was shown in 
figure 3.7.6, which was possibly provided by the muscovite mica.   
 
This property was used to develop a double-layered polymer insulation over a 
copper wire to prove the concept of having an inner and outer EVA/PDMS 
insulation/sheath layer of similar material and properties, where the outer layer would 
contain an additional amount muscovite mica only.    
 
Two cable-like samples, one having a single-layered cable insulation with only the 
ceramifiable EVA/PDMS composite with mica and the other having a double-layered 
cable insulation containing an outer layer (sheath) of ceramifiable EVA/PDMS/mica 
composite and an inner layer of a ceramifiable EVA/PDMS composite without mica 
(Fig. 3.10.10).   
Rough ceramic surface 
Empty space 
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These were prepared to demonstrate the effect of using a double-layered or 
sheathed cable insulation as opposed to applying the ceramifiable EVA/PDMS 
composite as a single insulation over the conducting cores. 
  
 
Figure 3.10.10:  Cable-like sample containing the copper wires in the middle of the polymer 
insulation/sheath before heating to 1000oC. 
 
(a) 
(b) (c) 
Figure 3.10.11:  (a) Top view of a ceramified single coat sample with the EVA/PDM/mica 
composite; (b) Cross-section of a ceramified double coat sample showing an outer brown 
layer of EVA/PDMS/mica and an inner white layer of EVA/PDMS without mica; (c) Top view 
of a ceramified double coat sample. 
 
117 
 
The results show that the ceramified single insulation sample would significantly 
bend which could either be due to the expansion of the copper wires or annealing 
during heating of the cable sample from ambient temperature to 1000oC.  In a cable 
application of significant length (up to kilometers) this could have adverse effects on 
the ceramic insulation formed at elevated temperatures and might lead to significant 
cracking on the surface of the cable insulation/sheath, thereby exposing conducting 
wires to the flames of the fire and result in short circuits.  
 
In the sample where a double-layered or sheathed cable insulation was used, there 
was no significant  bending observed on the ceramic insulation and the presence of 
surface cracks were found to be minimal (Fig 3.10.11 (c)).  The results show the 
usefulness of a double-layered or sheathed cable insulation made up of the same 
type of polymer base which, upon heating to 1000oC, could maintain the cable 
protective integrity. 
 
This concept of applying a doubly layered EVA/PDMS insulation, one layer with 
muscovite mica and the other without, could with relative ease be applied to a cable 
on an industrial application.  Dual extrusion onto cable copper cores is general 
practice amongst many cable manufacturers worldwide and it is routinely done by 
the local South African industry partner to this study at an industrial scale and hence 
such a cable insulation design for the ceramifiable EVA/PDMS composite would be 
suitable for its application on an industrial level. 
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Chapter 4  
 
Experimental design and optimization of mechanical properties 
 
In this study a Design of Experiment (DoE) approach was used to find a formulation 
with the various fillers used in making a ceramifiable composite to maintain and 
optimize two main properties or responses, namely the post cure polymer tensile 
strength and its degree of elongation at room temperature and the flexural strength 
of the ceramic product obtained after heating to 1000oC. From the industrial partner 
involved in this study, an ideal EVA/PDMS polymer tensile strength should be not 
less than 8 MPa with a minimum of 300 % elongation at break of the polymer. 
Ideally, a ceramic flexural strength should not be less that 0.5 MPa for the desired 
application as cable insulation. Other properties of the ceramic were also considered 
but not built into the D-optimal mixture design model. These include the self-
supporting property upon heating to 1000oC, limiting oxygen index, and shape and 
size retention after heating to 1000oC. These are reported on in Chapter 3 for 
selected samples obtained with the optimized formulation.   
 
The D-optimal mixture design, consisting of 25 composite samples, was constructed 
for the investigation into a suitable optimized ceramifiable EVA/PDMS composite.  In 
a separate mixture design study, the   addition of di-ammonium hydrogen phosphate 
was also done. The reason for its inclusion and its effect on the final properties of the 
polymer and ceramic will be discussed in more detail in chapter 4.3. 
From the design matrix results, the objective was to optimize the post-cure tensile 
strength of the polymer composite to achieve at least 8 MPa (Equ. 2.3) with a % 
elongation of at least 300 % and to retain a fired ceramic flexural strength of at least 
0.5 MPa (Equ. 2.4). 
 
In order to establish a domain within which the specified properties would be 
achieved, a set of trial experiments were done to determine the upper and lower 
limits for the concentrations of the starting material in each composite sample.   
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The trial experiments were based on some theoretical understanding obtained from 
the literature (24) and in consultation with the industry partner on the project. The 
outline of the relative amounts used as upper and lower limits is given in Table 4.1.  
 
Table 4.1:  An outline of the independent variables, pre-determined concentration 
constraints and responses for the ceramifiable EVA/PDMS composite. 
 
Independent variables  Concentration (%w/w) 
constraints 
Response/dependant 
variable  
Upper limit  Lower limit  
A 93%EVA/5%PDMS/2%DCP 
polymer 
56.7 44.0  Post-cure polymer 
tensile strength (MPa) 
and degree of elongation 
at break (%) 
B Muscovite mica 18.0  10.6  Ceramic flexural 
strength (MPa) C Calcined kaolinite 13.0 9.0 
D CaCO3 15.4 10.6 
E Al(OH)3 13.0 9.7 
 
The assumption made in this study was that the magnitude of the mechanical 
properties, post-cure polymer tensile strength, the degree of elongation and ceramic 
flexural strength, were directly affected by the variation in the 
amounts/concentrations of the starting material.  Using multiple linear regression 
analysis on the variables, the objective was to obtain a mathematical model, using 
the collected experimental data, which would best describe the relationship between 
the independent variables and their possible interactions of the EVA/PDMS 
composite to each of the responses/dependent variables.  The model would then be 
used as a predictive equation to estimate a recipe of the ceramifiable EVA/PDMS 
composite which would have optimized physical properties (tensile properties and 
ceramic strength). 
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4.1. Multiple linear regression of ceramic flexural strength data 
 
The average results of at least 6 analyses per sample for the ceramic flexural 
strength on a 3-point break test are shown in Table 4.1.1. 
 
Table 4.1.1:  Raw data obtained for measured ceramic flexural strength.  Standard 
deviation values obtained from 6 measurements. 
 
Composite Concentration (%w/w)# Average 
flexural 
strength 
(MPa) 
Standard 
deviation 
(±) 
A  B  C  D  E  
1 52.2 13.6 13.0 10.6 10.6 0.82 0.03 
2 52.2 13.6 13.0 10.6 10.6 0.84 0.08 
3 52.0 10.6 13.0 15.4 9.0 1.21 0.08 
4 44.0 18.0 11.3 15.4 11.3 1.00 0.03 
5 48.6 18.0 9.0 15.4 9.0 0.54 0.03 
6 52.3 14.3 9.0 15.4 9.0 0.70 0.13 
7 53.4 18.0 9.0 10.6 9.0 0.58 0.04 
8 49.0 18.0 9.0 13.0 11.0 0.65 0.04 
9 49.4 18.0 9.0 10.6 13.0 0.69 0.04 
10 49.4 18.0 13.0 10.6 9.0 0.56 0.03 
11 52.0 10.6 9.0 15.4 13.0 1.03 0.10 
12 48.3 14.3 13.0 15.4 9.0 1.46 0.09 
13 56.0 10.6 9.0 15.4 9.0 1.46 0.04 
14 56.7 14.7 9.0 10.6 9.0 0.87 0.09 
15 48.0 10.6 13.0 15.4 13.0 1.02 0.07 
16 44.0 18.0 13.0 12.0 13.0 0.83 0.04 
17 44.0 18.0 11.3 15.4 11.3 1.11 0.10 
18 44.0 18.0 13.0 12.0 13.0 1.07 0.10 
19 56.7 10.6 11.0 12.7 9.0 1.22 0.05 
20 44.6 18.0 9.0 15.4 13.0 1.18 0.11 
21 44.6 18.0 9.0 15.4 13.0 1.10 0.11 
22 53.1 14.4 9.0 10.6 13.0 1.12 0.06 
23 56.7 10.6 9.0 10.7 13.0 0.97 0.05 
24 46.5 14.4 10.7 15.4 13.0 1.27 0.08 
25 56.7 10.6 11.0 12.7 9.0 1.17 0.05 
#
the actual weight in each sample has an approximate error of at least 0.2%w/w associated with loss of material 
during sample preparation.  The weighing balance was accurate to one decimal place. 
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A quadratic equation was fitted to the observed data and refined to obtain a best-fit 
model using multiple linear regression analysis where only two-factor interactions 
were considered.  The summary output of the regression analysis is given in Table 
4.1.2. 
 
Table 4.1.2:  Summary output for the refined model giving the best fit coefficient 
values obtained by multiple linear regression analysis of the ceramic flexural strength 
results. 
 
 
Value 
   Multiple R 0.994 
   Multiple R² 0.988 
   Adjusted R² 0.982 
   F(9,16) 149.98 
   p 9.98E-14 
   Std.Err. of 
Estimate 
0.1369 
   
     
 
b Std.Err. t(16) p-value 
A 0.1720 4.415E-02 3.896 1.285E-03 
B -0.4660 7.95E-02 -5.86 2.411E-05 
C 1.0403 0.3168 3.284 4.670E-03 
D 0.4174 0.1756 2.377 3.029E-02 
E -0.2235 0.1252 -1.785 9.32E-02 
AC -1.750E-02 5.55E-03 -3.152 6.17E-03 
AD -1.005E-02 3.969E-03 -2.532 2.221E-02 
BE 2.555E-02 5.24E-03 4.872 1.695E-04 
CE -2.665E-02 1.07E-02 -2.484 2.444E-02 
 
The results show that the main effects A, B, C and D had p-values lower than 0.05 
except for variable E (Al(OH)3) which had a p-value greater than 0.05 and therefore 
suggesting that the variation in the concentration of Al(OH)3 did not have a significant 
effect on the ceramic flexural strength within its specified upper and lower 
concentration limits.  The coefficient value obtained for E could not be excluded from 
the proposed model since Al(OH)3 was a component of the ceramifiable EVA/PDMS 
composite.    
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The Al(OH)3, however, had interactions with variables B (muscovite mica) and C 
(calcined kaolinite) which had p-values lower than 0.05 with coefficients of 
+2.555x10-2 and -2.665x10-2 for BE and CE respectively.  This suggested that at any 
fixed level of variables A, C and D, the ceramic flexural strength would increase by 
an average of 2.555x10-2 units for every 1 %w/w increase in the concentration of 
Al(OH)3 and muscovite mica and similarly for every 1 %w/w increase in the 
concentration of calcined kaolinite and Al(OH)3 at fixed levels of A, B and D, the 
ceramic flexural strength would decrease by an average of 2.665x10-2 units.  Based 
on the coefficients of A, C and D, it was found that they had a positive contribution to 
the ceramic flexural strength however their interactions, AC and AD, were found to 
contribute negatively.  Similarly for B and E, they both had a negative contribution to 
the ceramic flexural strength on their own, but their BE interaction was found to 
contribute positively.   
 
The proposed model can then be used as to determine the most suitable model fit to 
obtain a ceramic flexural strength within the required specifications (equation 4.1).  
The model would be later used to predict the EVA/PDMS composite recipes required 
to possibly give a maximum and a minimum flexural strength. 
 
 
- -
-
-
  (4.1) 
 
The statistical validation of the proposed model was done in order to verify that the 
model was the best fit model to the observed data and that it could be used to predict 
a response within certain confidence intervals for the levels of the independent 
variables used in the study.  A valid model must satisfy certain criteria.  The most 
important of these are: 
 
1. The model must fit the observed data (Table. 4.1.1) 
2. The residuals must be normally distributed 
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3. The standard residuals on the response must be distributed randomly on a 
scatter plot. 
 
Two statistical validation methods were used in this study; the scatter plot of 
predicted values versus standard residuals and also the histogram of residuals to 
show their normal distribution or lack thereof.  The summary of the predicted 
response values are given in Appendix B together with their respective residuals, 
standard residuals within the 95% prediction intervals. 
 
A scatter plot was constructed to show the predicted response versus standard 
residuals and a normal distribution histogram of the residuals (Fig 4.1.2.1 and 
4.1.2.2). 
 
 
Figure 4.1.2.1:  Scatter plot of predicted ceramic flexural strength versus standard residuals. 
 
The results show that the observed standard residuals were not greater than ±2 and 
hence there were no outliers to the measured ceramic flexural strength data.   
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The random distribution or lack of a clear pattern of the standard residuals around 
the zero line showed that the errors associated with the observed ceramic flexural 
strength data could be due to random experimental error and not systematic errors 
and this would also suggest that the residuals were normally distributed.   
The normal distribution of the residuals is shown in a histogram format with a normal 
distribution curve (Fig. 4.1.2.2).     
 
 
Figure 4.1.2.2:  Histogram showing the distribution of the ceramic flexural strength residuals 
compared to a normal distribution curve. 
 
The results show that the distribution of the residuals was consistent within the 
normal distribution curve; however there were some residuals situated towards the 
far right-hand side of the graph, which could be an indication of some “skewness” in 
the distribution of the data.  The prediction model of the ceramic flexural strength 
was then used to establish two recipes of the variables for the ceramifiable 
EVA/PDMS composite that would give a reasonably high and an average ceramic 
flexural strength (Equ. 4.1).  In order to verify the predicted model, the two 
ceramifiable EVA/PDMS composite samples were made.  
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Their respective tensile strength and the ceramic flexural strength were then 
measured and compared to predicted model results as shown in Table 4.1.3. 
 
 
Table 4.1.3:  Comparison of the measured and predicted ceramic flexural strength 
(CFS) values for two recipes of the ceramifiable EVA/PDMS composite. 
 
Sample name Variable concentration (%w/w)  Measured 
CFS (MPa)$ 
Predicted 
CFS (MPa)# A  B  C  D  E  
Low filler run 1 52.7 18.0 9.0 10.6 9.7 0.63 ± 0.03 0.70 ± 0.32 
Low filler run 2 52.7 18.0 9.0 10.6 9.7 0.65 ± 0.04 0.70 ± 0.32 
High filler run 1 44.0 15.5 12.1 15.4 13.0 1.34 ± 0.05 1.06 ± 0.36 
High filler run 2 44.0 15.5 12.1 15.4 13.0 1.35 ± 0.04 1.06 ± 0.36 
$
 The ± error was based on standard deviation;  
#
The ± error was based on 95% prediction intervals 
 
The results of the ceramic flexural strength are shown graphically in figure 4.1.3.1 
and 4.1.3.2 for the two concentration ranges considered.   
 
 
Figure 4.1.3.1:  Means graph for predicted and measured CFS for the “high filler” sample 
with 95% prediction interval error bars for the predicted value and standard deviation error 
bars for the measured value. 
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Figure 4.1.3.2:  Means graph for predicted and measured CFS for the “low filler” sample with 
95% prediction interval error bars for the predicted value and standard deviation error bars 
for the measured value. 
 
The results show that there was about a 27% lower predicted ceramic flexural 
strength for the “high filler” sample when compared to the actual measured value.  
On the other hand the predicted and measured values for the ceramic flexural 
strength values differed only by about 10% for the “low filler” sample. Noticeable 
were the large error bars of the 95% prediction intervals for the predicted values that 
covered a substantially wide range when compared to the smaller error bars of the 
standard deviations of the experimental results. This showed that the level of 
accuracy of the proposed model was relatively low; however the experimental results 
were found to lie within the 95% prediction intervals of the predicted values and this 
showed that the ceramic flexural strength could be predicted with 95% certainty that 
it would lie within the interval [1.42; 0.70 MPa] for the “high filler” sample and [1.02; 
0.38 MPa] for the “low filler” sample.   
 
4.2 Multiple linear regression of post-cure polymer tensile strength data 
 
The approach used in the multiple linear regression and interpretation of the post-
cure polymer tensile strength results were similar to that of the ceramic flexural 
strength results in section 4.1.  
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The results were based on an average of 6 samples of the tensile strength measured 
and their respective standard deviations for the 25 samples are summarized in table 
4.2.1. 
 
Table 4.2.1:  Averaged experimental post-cure polymer tensile strength values.  
Standard deviation values obtained from 6 measurements. 
 
composite Concentration (%w/w)# Tensile 
strength at 
break 
(MPa) 
Standard 
deviation 
(±) 
A B C D E 
1 52.2 13.6 13.0 10.6 10.6 5.23 0.18 
2 52.2 13.6 13.0 10.6 10.6 5.18 0.05 
3 52.0 10.6 13.0 15.4 9.0 5.51 0.28 
4 44.0 18.0 11.3 15.4 11.3 5.70 0.26 
5 48.6 18.0 9.0 15.4 9.0 7.01 0.13 
6 52.3 14.3 9.0 15.4 9.0 5.44 0.12 
7 53.4 18.0 9.0 10.6 9.0 5.96 0.22 
8 49.0 18.0 9.0 13.0 11.0 6.01 0.27 
9 49.4 18.0 9.0 10.6 13.0 5.59 0.18 
10 49.4 18.0 13.0 10.6 9.0 5.20 0.14 
11 52.0 10.6 9.0 15.4 13.0 5.50 0.12 
12 48.3 14.3 13.0 15.4 9.0 7.28 0.28 
13 56.0 10.6 9.0 15.4 9.0 6.57 0.22 
14 56.7 14.7 9.0 10.6 9.0 6.34 0.22 
15 48.0 10.6 13.0 15.4 13.0 6.35 0.17 
16 44.0 18.0 13.0 12.0 13.0 5.39 0.40 
17 44.0 18.0 11.3 15.4 11.3 5.84 0.25 
18 44.0 18.0 13.0 12.0 13.0 5.47 0.17 
19 56.7 10.6 11.0 12.7 9.0 8.55 0.16 
20 44.6 18.0 9.0 15.4 13.0 6.17 0.23 
21 44.6 18.0 9.0 15.4 13.0 6.18 0.21 
22 53.1 14.4 9.0 10.6 13.0 7.15 0.18 
23 56.7 10.6 9.0 10.7 13.0 8.53 0.30 
24 46.5 14.4 10.7 15.4 13.0 6.67 0.16 
25 56.7 10.6 11.0 12.7 9.0 8.44 0.24 
#
the actual weight in each sample has an approximate error of at least 0.2%w/w associated with loss of material 
during sample preparation.  The weighing balance was accurate to one decimal place. 
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The regression output and hence prediction model obtained by applying multiple 
regression to the observed raw data was found to contain outliers as shown in the 
scatter plot of predicted values versus standard residuals (Fig. 4.2.1.1).  This 
therefore violated the criteria of choosing the proposed model (Equ. 4.2) as the best 
fit model to the observed data.  By removing the outliers and then doing a 
subsequent regression on the remaining data, it was found that there was no 
evidence of outliers as shown in Figure 4.2.1.2, but the distribution of the residuals 
was found to be significantly skewed and not normally distributed (Fig. 4.2.1.3) and 
hence the proposed model (Equ. 4.3) did not satisfy the criteria of selecting it as a 
best fit model to the observed data.   
 
The prediction model obtained using the raw data is given in equation 4.2: 
 
 
– –   (4.2) 
 
 
Figure 4.2.1.1:  Scatter plot of predicted tensile strength versus standard residuals for the 
model obtained using the raw data. 
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The proposed model obtained after removing the outliers is given in equation 4.3: 
 
 
 
(4.3) 
 
 
Figure 4.2.1.2:  Scatter plot of standard residuals versus predicted tensile strength showing 
absence of outliers. 
 
 
Figure 4.2.1.3: Histogram showing the distribution of the tensile strength residuals obtained 
using equation 4.3.  Their distribution was compared to a normal distribution curve. 
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The multiple linear regression of the post-cure tensile strength data was therefore 
done on transformed data where the natural log (ln) of the observed tensile strength 
values was used to obtain the best fit prediction model and the results are given in 
Table 4.2.2. 
 
Table 4.2.2:  Summary output for the refined model giving the best fit coefficient 
values obtained by multiple linear regression analysis for the natural log of the tensile 
strength results. 
 
 
Value 
   Multiple R 0.999 
   Multiple R² 0.999 
   Adjusted R² 0.998 
   F(11,14) 1138 
   p 1.122E-18 
   Std.Err. of 
Estimate 
0.0819 
   
     
 
b Std.Err. t(14) p-value 
A 4.563E-02 2.262E-02 2.017 6.33E-02 
B -0.1161 4.165E-02 -2.788 1.452E-02 
C -0.0972 7.56E-02 -1.286 2.193E-01 
D -2.699 0.568 -4.753 3.085E-04 
E 2.706 0.627 4.315 7.13E-04 
AD 3.228E-02 7.61E-03 4.244 8.18E-04 
AE -3.309E-02 7.88E-03 -4.197 8.96E-04 
BD 4.646E-02 8.50E-03 5.47 8.27E-05 
BE -3.706E-02 9.46E-03 -3.916 1.551E-03 
CD 4.558E-02 8.51E-03 5.36 1.009E-04 
CE -3.737E-02 1.056E-02 -3.540 3.266E-03 
 
The results show that the variation in the concentration of variable C (calcined 
kaolinite), at fixed levels of the remaining variables, possibly had no effect on the 
polymer tensile strength of the ceramifiable EVA/PDMS composite within its 
specified upper and lower concentration limits.   
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This was based on the p-value of C being greater than 0.05 and similarly for variable 
A (95%EVA5%PDMS polymer matrix) its p-value of 0.0633 suggested that the 
variation of its concentration within the specified limits did not have a significant 
effect on the tensile strength.   The variables which were found to have a significant 
effect on the tensile strength were B (muscovite mica), D (CaCO3) and E (Al(OH)3) 
as these had p-values smaller than 0.05.  The magnitude of their respective 
coefficients suggested that an increase of about 1%w/w of CaCO3 at fixed levels of 
A, B, C and E would cause the tensile strength to decrease by 2.699 units and for 
fixed A, B, C, and D levels, the increase in the concentration of Al(OH)3 by about 1 
%w/w would increase the tensile strength by 2.706 units and similarly for muscovite 
mica which would be observed to decrease the tensile strength by 0.1161 units.  The 
interactions of A with D and E showed that the effect of A on the tensile strength was 
affected by D and E where AD was found to have a positive contribution and AE 
contributed negatively towards the tensile strength.  The same was observed for the 
interactions of C where CD had a positive contribution and CE a negative 
contribution.  This showed that even though the effect of A and C were found to be 
insignificant on their own, their interactions with D and E had a significant influence 
on the tensile strength and it would be expected that by varying both A and E/D or C 
and E/D given fixed levels of the remaining variables, the tensile strength would 
increase by at least 3.228x10-2 units or decrease by at least 3.309x10-2 units.  
 
The proposed prediction model for the natural log of tensile strength results is given 
in equation 4.3. 
 
 
 
(4.4) 
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The summary of the predicted tensile strength values, residuals and the 95% 
prediction intervals is given in Appendix 2B and the scatter plot of predicted tensile 
strength versus standard residuals and the histogram of the residuals are given in 
figures 4.2.2.1 and 4.2.2.2 respectively.   
 
 
Figure 4.2.2.1:  Scatter plot of predicted tensile strength versus standard residuals. 
 
 
Figure 4.2.2.2:  Histogram showing the distribution of the tensile strength residuals. 
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The results show that there were no outliers observed for the natural log tensile 
strength results and also the residuals were scattered randomly showing no possible 
evidence of systematic errors.  It was also seen that the residuals were distributed 
normally with the normal distribution curve fitting the distribution of the residuals on 
the histogram.  The results show that the proposed model (4.4) satisfied the criteria 
of model validation and hence could be used as the best fit model to the observed 
tensile strength data.   
 
Table 4.2.3:  Predicted and measured tensile strength values, with 95% prediction 
intervals and experimental standard deviation respectively, obtained for two recipes 
of the ceramifiable EVA/PDMS composite. 
 
Sample name Variable concentration (%w/w) Predicted 
tensile 
strength 
(MPa) 
Measured 
tensile 
strength 
(MPa) 
A  B  C  D  E  
Low filler run 1 52.7 18.0 9.0 10.6 9.7 9.02 ± 0.22  9.03 ± 0.35 
Low filler run 2 52.7 18.0 9.0 10.6 9.7 9.02 ± 0.22  8.95 ± 0.40 
High filler run 1 44.0 15.5 12.1 15.4 13.0 4.00 ± 0.23 6.60 ± 0.25 
High filler run 2 44.0 15.5 12.1 15.4 13.0 4.00 ± 0.23 6.30 ± 0.37 
 
The results of the ceramic flexural strength are shown graphically in figure 4.2.3.1 
and 4.2.3.2 for the two concentration ranges considered. 
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Figure 4.2.3.1:  Means graph with 95% prediction interval error bars for the predicted value 
and standard deviation error bars for the measured tensile strength (sample “low filler”). 
 
The results show that there was an overlap of the error bars through their centres, 
which was an indication that there was a 95% certainty that the predicted and 
measured values were not significantly different to one another and that the true 
tensile strength of the sample could be predicted with 95% certainty using the 
proposed prediction model (Equ. 4.4).   This observation was different for the sample 
with a high filler loading as it was found that the measured tensile strength was 
significantly higher than the predicted value and their error bars showed no evidence 
of overlapping between one another (Fig. 4.2.3.2).  This suggested that there was a 
limitation to the use of the proposed prediction model (Equ. 4.4) for predicting 
relatively low tensile strength values. 
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Figure 4.2.3.2:  Means graph with 95% prediction interval error bars for the predicted value 
and standard deviation error bars for the measured tensile strength (sample “low filler”). 
 
4.3 Multiple linear regression of the degree of polymer elongation data 
 
The same multiple regression analysis was done for the data obtained for the degree 
of elongation (%) according to the tensile testing procedure in sub-section 2.2.4.1.  
Multiple linear regression analysis was applied on the observed data and subjected 
to the same interpretations and model validation methods mentioned in section 4.1 
and 4.2.  The results are given in Table 4.3.1. 
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Table 4.3.1:  Averaged experimental polymer elongation values.  Standard deviation 
values obtained from 6 measurements. 
 
Composite 
Concentration (%w/w) 
Observed 
elongation 
(%) 
Standard 
deviation 
(±) 
A B C D E 
1 52.2 13.6 13.0 10.6 10.6 730 68 
2 52.2 13.6 13.0 10.6 10.6 600 57 
3 52.0 10.6 13.0 15.4 9.0 683 62 
4 44.0 18.0 11.3 15.4 11.3 710 71 
5 48.6 18.0 9.0 15.4 9.0 658 44 
6 52.3 14.3 9.0 15.4 9.0 547 43 
7 53.4 18.0 9.0 10.6 9.0 753 66 
8 49.0 18.0 9.0 13.0 11.0 545 60 
9 49.4 18.0 9.0 10.6 13.0 740 73 
10 49.4 18.0 13.0 10.6 9.0 730 63 
11 52.0 10.6 9.0 15.4 13.0 753 75 
12 48.3 14.3 13.0 15.4 9.0 752 71 
13 56.0 10.6 9.0 15.4 9.0 731 68 
14 56.7 14.7 9.0 10.6 9.0 593 41 
15 48.0 10.6 13.0 15.4 13.0 745 69 
16 44.0 18.0 13.0 12.0 13.0 513 49 
17 44.0 18.0 11.3 15.4 11.3 563 47 
18 44.0 18.0 13.0 12.0 13.0 487 39 
19 56.7 10.6 11.0 12.7 9.0 498 46 
20 44.6 18.0 9.0 15.4 13.0 447 51 
21 44.6 18.0 9.0 15.4 13.0 562 46 
22 53.1 14.4 9.0 10.6 13.0 623 67 
23 56.7 10.6 9.0 10.7 13.0 620 62 
24 46.5 14.4 10.7 15.4 13.0 508 65 
25 56.7 10.6 11.0 12.7 9.0 530 61 
 
The multiple linear regression output obtained for the observed data is given in Table 
4.3.2 from which the proposed model (4.5) is validated by predicted elongation 
versus standard residuals and normal distribution curves in figures 4.3.2.1 and 
4.3.2.2 respectively.  
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Table 4.3.2:  Summary of the regression output obtained for the elongation data. 
 
     
 
Value 
   Multiple R 0.995 
   Multiple R² 0.990 
   Adjusted R² 0.986 
   F(7,18) 251.5 
   P 1.235E-16 
   Std.Err. of 
Estimate 
75.01 
   
 
b Std.Err. t(18) p-value 
A -56.4 14.24 -3.960 9.19E-04 
B 151.6 34.28 4.424 3.279E-04 
C 38.81 15.57 2.493 2.261E-02 
D 167.4 38.03 4.402 3.439E-04 
E -405.3 102.6 -3.951 9.36E-04 
AE 8.59 2.245 3.825 1.241E-03 
BD -8.56 2.550 -3.357 3.512E-03 
 
The proposed best fit model for the degree of elongation is given in equation 4.5: 
 
- - -   (4.5) 
 
 
Figure 4.3.2.1:  Scatter plot of predicted elongation (%) versus standard residuals. 
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Figure 4.3.2.2:  Histogram and normal distribution curve showing the distribution of the 
elongation residuals. 
 
The results show that there was random distribution of standard residuals and no 
outliers were observed, however the distribution of the raw residuals was found to 
have some degree of “skewness” with a significant number of residuals lying towards 
the far ends of the normal distribution curve.  The proposed model was however 
used to predict the degree of elongation for the “low filler” and “high filler” samples 
and these predicted values were compared to the measured degree of elongation for 
the respective samples.  The results are given in Table 4.3.3 and Figures 4.3.3.1 and 
4.3.3.2. 
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Table 4.3.3:  Predicted and measured elongation values, with 95% prediction 
intervals and experimental standard deviation respectively, obtained for two recipes 
of the ceramifiable EVA/PDMS composite. 
 
Sample name Variable concentration (%w/w) Predicted 
degree of 
elongation 
(%) 
Measured 
degree of 
elongation 
(%) 
A  B  C  D  E  
Low filler run 1 52.7 18.0 9.0 10.6 9.7 664 ± 176 687 ± 67 
Low filler run 2 52.7 18.0 9.0 10.6 9.7 664 ± 176 654 ± 56 
High filler run 1 44.0 15.5 12.1 15.4 13.0 696 ± 182 546 ± 56 
High filler run 2 44.0 15.5 12.1 15.4 13.0 696 ± 182 587 ± 45 
 
 
Figure 4.3.3.1:  Means graph with 95% prediction interval error bars for the predicted value 
and standard deviation error bars for the measured degree of elongation (sample “low filler”) 
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Figure 4.3.3.2: Means graph with 95% prediction interval error bars for the predicted value 
and standard deviation error bars for the measured degree of elongation (sample “high filler”) 
 
The results show that there was an overlap of the error bars for both samples and 
hence the proposed model could be used to predict with 95% certainty that the 
degree of elongation of the ceramifiable EVA/PDMS samples would lie within the 
interval [488; 840 %] for the “low filler” sample and [514; 878 %] for the “high filler” 
sample.  These two intervals were found to overlap with one another which showed 
that there was not a significant variation in the degree of elongation of the polymer 
within the specified concentration limits (Table 4.1). 
 
The summary of the ceramifiable EVA/PDMS composites with is given in Table 4.3.4 
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Table 4.3.4:  Summary of the post-cure tensile strength and ceramic flexural strength 
obtained for the given samples. 
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Low filler 9.02 ± 1.25  0.70 ± 0.32 664 ± 176 9.03 ± 0.35 0.63 ± 0.03 671 ± 62 
High filler 4.00 ± 1.26 1.06 ± 0.36 696 ± 182 6.60 ± 0.25 1.34 ± 0.05 567 ± 51 
 
The overall results show that a typical high loading of the inorganic fillers was 
consistent with a low post-cure tensile strength for the ceramifiable EVA/PDMS 
composite and a high ceramic flexural strength, whereas a typical low inorganic filler 
loading was found to be consistent with a lower ceramic flexural strength and a high 
post-cure tensile strength.  The polymer elongation at break for the “low filler” and 
“high filler” samples were found to be on average 671 ± 62 % and 567 ± 51 % 
respectively.  An average limiting oxygen index (LOI), calculated using equation 2.5 
(chapter 2.2.4.3), of 26.6 ± 0.2 % and 27.7 ± 0.2 % was obtained for the “low filler” 
and “high filler” samples respectively. 
 
4.4 Linear regression analysis of the ceramifiable EVA/PDMS composite with 
di-AHP 
 
In the reported literature on ceramifiable hydrocarbon polymer composites, it was 
common to use an inorganic phosphate compound into the composite formulation 
(24).  The inorganic phosphate best suited for such a composite was desired to have a 
melting point that was less than 800 oC.   
142 
 
It was described that the melting of the phosphate would facilitate the solid-state 
reactions by assisting in dispersing the solid particles and also any possible gas 
phases that would be formed leading to the formation of the ceramic product at 1000 
oC.  In this study an inorganic phosphate, di-ammonium hydrogen phosphate (di-
AHP), was also included in the ceramifiable EVA/PDMS polymer composite and was 
used in its solid form.  As it was shown in Chapter 3, the di-AHP had a significant 
influence on the chemical and structural properties of both the cured polymer 
composites and also the ceramic product formed upon heating to 1000 oC in air.  It 
was however decided that a separate D-optimal mixture design consisting of 36 
ceramifiable EVA/PDMS composites with di-AHP be constructed and the collected 
data of tensile properties and ceramic flexural strength were analyzed by multiple 
linear regression.  The objective was to optimize the specified properties and 
investigate the accuracy of the prediction models that were obtained. 
 
The respective prediction models for tensile strength and ceramic flexural strength 
for the ceramifiable EVA/PDMS composite with di-ammonium hydrogen phosphate 
are given in equation 4.6 and 4.7 respectively.  The raw data and regression output 
summary for the two samples is given in Appendix C and was based on a D-optimal 
mixture design consisting of 36 composites. 
 
 
-
  (4.6) 
 
 
-
-
-
-
-
  (4.7) 
 
The prediction models (4.6 and 4.7) were used to estimate the ceramic flexural 
strength and tensile strength of two ceramifiable EVA/PDMS composites with di-
AHP.  The concentrations of the different variables are given in table 4.4.1 and the 
results shown in figures 4.4.1.1 to 4.4.1.4. 
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Table 4.4.1:  Two recipes for the ceramifiable EVA/PDMS composite with di-AHP. 
 
 Concentration (%w/w) 
A B C D E F 
Recipe 1 53.3 8.7 7.6 8 9.6 12.8 
Recipe 2 44 12 9.6 12 9.6 12.8 
 
 
 
Figure 4.4.1.1:  Means graph for predicted and measured flexural strength for the “recipe 1” 
sample with 95% prediction interval error bars for the predicted value and standard deviation 
error bars for the measured value. 
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Figure 4.4.1.2:  Means graph for predicted and measured flexural strength for the “recipe 2” 
sample with 95% prediction interval error bars for the predicted value and standard deviation 
error bars for the measured value. 
 
 
Figure 4.4.1.3:  Means graph for predicted and measured tensile strength for the “recipe 1” 
sample with 95% prediction interval error bars for the predicted value and standard deviation 
error bars for the measured value. 
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Figure 4.4.1.4:  Means graph for predicted and measured tensile strength for the “recipe 1” 
sample with 95% prediction interval error bars for the predicted value and standard deviation 
error bars for the measured value. 
 
The results show that there was an overlap of error bars across the measured values 
and the predicted values for both ceramic flexural strength and tensile strength of the 
composites.  This showed that the two prediction models could be used to optimize 
the properties of the ceramifiable EVA/PDMS composites with di-AHP. 
 
There were, however, problems associated with the use of the EVA/PDMS 
composites with di-ammonium phosphate (di-AHP).  When samples were prepared 
at an industrial pilot scale at the industrial partner’s factory, the problems 
encountered were listed as follows:      
 
 Mixing the compound required a relatively longer period of time of about 7.3 
minutes compared to standard compounds mixed at the factory which 
generally took less than 5 minutes. 
 At around 70˚C a piercing smell was given off by the ammonium containing 
compound and that made mixing and extraction of the batch fairly difficult as 
the ammonia also affected the eyes. 
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 Milling the compound also proved to be difficult as the compound was hard 
and undispersed filler was clearly visible (Fig. 4.4.2) 
 Some of the particles (crystals) from the di-AHP did not disperse and 
therefore could not be incorporated into the compound during mixing. 
 The cured test pads showed that the compound did not mix properly and this 
was visible on the dumbbells cut for tensile tests (Fig. 4.4.3) 
 
 
Figure 4.4.2:  Image of a typical ceramifiable EVA/PDMS sample with di-AHP obtained after 
a mixing cycle. 
 
 
Figure 4.4.3:  Image of a typical cured dumbbell for tensile testing obtained for some of the 
ceramifiable EVA/PDMS samples with di-AHP. 
 
 
 
 
White solid particles visible 
on polymer surface 
White solid particles visible 
on cured polymer surface 
Surface cracks  
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The measured post-cure tensile properties (tensile strength and % elongation) were 
also significantly lower compared to those obtained for the ceramifiable EVA/PDMS 
composites without di-AHP and also the samples with di-AHP were found not to be 
self-supporting upon formation of the ceramic product at 1000 oC as shown in figure 
4.4.4. 
 
Table 4.4.2:  Tensile properties obtained for ceramifiable EVA/PDMS samples 
prepared at Aberdare Cables pilot lab. 
 
Property  Compound 1 Compound 2 
Tensile strength ( MPa)  1.27 2.51 
Elongation at break (%) 100 333 
 
 
Figure 4.4.4:  Self-support test of a ceramifiable EVA/PDMS sample with di-AHP. 
 
The use of the ceramifiable EVA/PDMS composite with di-AHP was not pursued 
further due to the encountered problems during sample preparation both at lab scale 
and industrial pilot scale.  It was also found that the mechanical properties, tensile 
strength and ceramic flexural strength, could not be optimized to meet the desired 
tensile strength and ceramic flexural strength of at least 8 MPa and 0.5 MPa 
respectively. 
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Chapter 5  
Conclusion 
 
This study showed that the incorporation of muscovite mica, calcined kaolinite, 
CaCO3 and Al(OH)3 within a 95% EVA/ 5% PDMS polymer matrix was sufficient to 
form a ceramified product upon heating the composite to 1000 oC in air.  The 
characterization of the ceramic product by SEM and stereo microscopy showed that 
there was a possible asymmetric structural composition across the cross-section or 
thickness of the ceramic as it was found that there was a thin skin-like ceramic layer 
formed towards the outermost surface and the underlying bulk structure was made 
up of multi-layered ceramic walls with numerous micropores and crystal-like material 
distributed uniformly within the surface.  The observed structure was consistent with 
previous related studies such as the findings of Mansouriet al. (55) who described the 
formation of a ceramic skin layer on a PDMS based ceramifiable polymer composite 
and also the formation of a multi-layered ceramic structure in muscovite / kaolinite 
ceramics was described by Gridi-Bennadji et al. (63).  The asymmetric structural 
composition also suggested an asymmetric chemical composition across the 
thickness of the ceramic product.  The PXRD results show that the outer ceramic 
skin was possibly amorphous towards its top side which was in direct contact with 
the atmosphere and there was some evidence of the possible formation of a calcium 
silicate (Ca2SiO4) and calcium aluminium silicate (CaAl2Si2O8) towards the outer 
ceramic skin layer which was in contact with a refractory firebrick support base 
during heating.  This could suggest a possible effect of oxygen on the formation of 
crystalline material on the ceramic skin or consequently that there could have been a 
possible reaction between the firebrick and the bottom ceramic surface.  The bulk 
composition, on the other hand, was mainly made up of a potassium aluminium 
silicate (KAl3Si3O11) which was found to be a derivative of muscovite mica.  This 
suggested that muscovite mica played an important role in the composition of the 
ceramic product.   
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When muscovite mica was not added to the ceramifiable EVA/PDMS composite, the 
structural features initially observed were found to be very minimal such that the 
resultant ceramic product of the composite without muscovite mica was powdery, 
brittle and lacked an ordered cross-sectional structure.  The properties obtained in 
the absence of muscovite were important to the development of a double-layered or 
sheathed cable insulation.  On cable-like samples, which consisted of an outer layer 
of the ceramifiable EVA/PDMS composite with muscovite mica and an inner layer of 
the same composite without muscovite mica, it was found that the effects which 
could be caused by the thermal expansion of the conducting wires during heating, 
such as surface cracking or bending of the ceramified composite, could be reduced.  
This could be attributed to the powdery ceramic product formed by the inner layer 
which could act as an interface that would allow for the expansion of the conducting 
copper wires without making contact with the more compact and strong ceramic of 
the outer layer.  This concept of a double layered cable insulation was similar to the 
design of a commercial ceramifiable cable insulation from Olex ®.  However, the 
Olex cable made use of an inner layer of unfilled silicone polymer which would form 
a powdery ceramic-like end-product of silica upon heating to 1000oC.  The Olex 
cable also made use of a Polyvinylchloride (PVC) based ceramifiable outer layer 
which formed a ceramic product possibly made up of phosphate crystallites such as 
the AlPO4 observed on its PXRD diffraction pattern.  In the comparison of the Olex 
cable with the cable samples made of the ceramifiable EVA/PDMS composite 
developed in this study, the following summarized points can be made: 
 
 The Olex cable made use of two different polymers with an inner layer of 
unfilled silicone and an outer layer of a ceramifiable PVC based polymer 
composite, whilst both outer and inner layers of the doubly coated cable 
developed in this study had the same polymer composition of a 95% EVA/ 5% 
PDMS polymer blend. This cable insulation/sheath composition would prove 
to be significantly more expensive to make due to the higher costs of the raw 
products.  
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 In the Olex cable the inner powdery ceramic layer reduce the occurrence of 
surface cracks on the cable was made up of pure silica formed from the 
decomposition of the silicone polymer after heating to 1000 oC whereas in the 
EVA/PDMS composite, the powdery ceramic layer was obtained by excluding 
one additive in the form of muscovite mica from the ceramifiable EVA/PDMS 
composite 
 The major product of the ceramified PVC based composite of the Olex cable 
was possibly an aluminium phosphate (AlPO4) whilst that of the ceramic 
product of the EVA/PDMS composite was the muscovite mica derivative, 
potassium aluminium silicate (KAl3Si3O11). 
 From these comparisons it could be argued that the ceramifiable EVA/PDMS 
composite developed in this study was more cost-effective compared to the 
Olex cable as the use of silicone in the EVA/PDMS composite was limited to 
5% w/w compared to the use of unfilled silicone insulation in the Olex cable.  
The use of PVC base polymer that was used in the Olex cable would not be 
permitted in some cable application environments such as mining or closed 
buildings, due to the greater environmental health hazard of the 
decomposition products of PVC.  However, the Olex patent did make mention 
of other types of polymers that could be used in its construction, however they 
did not report of the uniqueness of using a single polymer base blend as both 
inner and outer layer of a cable insulation/sheath.  
 The use of an inorganic phosphate in the form of di-ammonium hydrogen 
phosphate was also investigated in this study and was found to have 
adversely negative effects during sample preparation such as the emission of 
ammonia gas at low temperatures (about 70 oC) and also on the chemical, 
structural and mechanical properties of the EVA/PDMS composite.   
 
The major part of this study was to use the concept of Design of Experiments (DoE) 
in the form of a D-optimal mixture design and multiple regression analysis in order to 
optimize the tensile properties of the polymer composite and also the ceramic 
flexural strength.   
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It was found that varying the concentrations of the additives in the composite had a 
significant effect on the mechanical properties and by applying multiple linear 
regression to collected data, a mathematical model could be obtained that would 
describe the relationship between the variation in the concentration of the additives 
and each of the responses (tensile strength, degrees of elongation and ceramic 
flexural strength).  The observations made from the DoE results and multiple linear 
regression can be summarized as follows: 
 
 The magnitude of the ceramic flexural strength was found to be most 
significantly affected by the variation in the concentration of calcined kaolinite 
within its 13 – 9.0 % w/w concentration limits at any fixed levels of the other 
additives in the composite.   
 The effect of the variation in the concentration of muscovite mica between 18 
– 10.6 % w/w was found to be negative on both the ceramic flexural strength 
and post-cure tensile strength of the ceramifiable EVA/PDMS composite.  This 
could be attributed to the large particle size distribution of the muscovite 
powder used in this study and its negative effects on the mechanical 
properties was found to be consistent with the findings of Hanu et al (65) who 
described the positive reinforcing properties of fine grade muscovite mica 
compared to the negative effects of a  coarse grade muscovite mica. 
 The accuracy of the prediction models obtained for the ceramic flexural 
strength and tensile strength were found to have some limitations.  It was 
found that the prediction of low tensile strength values of about 6.00 MPa, the 
difference between the predicted tensile strength and the measured value 
could be as high as about 57 % whilst the prediction of a composite with a 
tensile strength of about 8.00 – 9.00 MPa the difference between predicted 
and measured tensile strength values could be about 0.78 % using 95 % 
confidence intervals. 
 For the ceramic flexural strength it was found that the accuracy of the 
prediction model showed a difference of about 10 % between predicted and 
measured ceramic flexural strength values of about 0.60 MPa.   
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At higher ceramic strength values of about 1.30 MPa, the difference between 
predicted and measured values was found to be around 27 % using 95 % 
confidence intervals. 
 The prediction model obtained for the degree of elongation was found to give 
similar predicted values for distinctly different ceramifiable EVA/PDMS 
composites which was a sign of a large error in the collected data of the 
degree of elongation of the polymer composite. 
 
The desired mechanical properties for an optimized ceramifiable EVA/PDMS 
composite were achieved in this study as the post-cure tensile strength was 
found to between 8.00 – 9.35 MPa and a ceramic flexural strength of at least 0.65 
MPa to about 1.35 MPa.  In addition, the physical properties such as its limiting 
oxygen index (LOI), shape and size properties of the ceramic such as the self-
supporting property of the ceramified EVA/PDMS composite after the polymer 
composite was heated from room temperature to 1000oC, were found to be within 
the required specifications.  The typical values were at least 26.6 ± 0.2 % for the 
LOI, and at least 567 ± 51 % for elongation. 
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APPENDIX A 
 
Particle size distribution raw data for CaCO3, calcined kaolinite, Al(OH)3 and 
muscovite mica. 
 
Calcium carbonate (CaCO3) 
 
 
Idwala CaCO3 
 
Particle size analysis
Particle Diameter (µm.)
%
0 
10 
20 
 0
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
  0.01    0.1    1.0   10.0  100.0
 
 Result: Histogram Table
ID: idwala_CaCO3 Run No:     7 Measured: 
File: (Sample Not Sav ed) Analy sed: 7/24/2012 11:40AM
Path: C:\SIZERS\DATA\SONWABO\ Source: Av eraged
Range: 300RF mm Beam:  2.40 mm Sampler: Obs':  18.6 %
Presentation: 3THD Analy sis:  Poly disperse Residual:  3.101 %
Modif ications: None
Conc. =   0.0038 %Vol Density  =   2.700 g/cm 3^ S.S.A.=  1.2780 m 2^/g
Distribution: Volume D[4, 3] =    3.33 um D[3, 2] =    1.74 um
D(v , 0.1) =    0.70 um D(v , 0.5) =    3.21 um D(v , 0.9) =    6.25 um
Span = 1.728E+00 Unif ormity  = 5.550E-01
Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume
Under %
  0.055    0.00
  0.061    0.00
  0.067    0.00
  0.074    0.00
  0.082    0.00
  0.090    0.00
  0.099    0.00
  0.109    0.00
  0.121    0.00
  0.133    0.00
  0.147    0.00
  0.162    0.00
  0.178    0.00
  0.196    0.00
  0.217    0.00
  0.239    0.00
  0.263    0.00
  0.290    0.04
  0.320    0.14
  0.353    0.49
  0.389    1.08
  0.429    1.91
  0.473    3.02
  0.522    4.40
  0.576    6.06
Under %
  0.635    7.98
  0.700   10.14
  0.772   12.41
  0.851   14.65
  0.938   16.88
   1.03   19.11
   1.14   21.31
   1.26   23.45
   1.39   25.55
   1.53   27.62
   1.69   29.72
   1.86   31.92
   2.05   34.29
   2.26   36.92
   2.49   39.91
   2.75   43.37
   3.03   47.36
   3.34   51.96
   3.69   57.28
   4.07   63.33
   4.48   69.82
   4.94   76.37
   5.45   82.60
   6.01   88.09
   6.63   92.58
Under %
   7.31   95.94
   8.06   98.25
   8.89   99.59
   9.80   99.99
  10.81  100.00
  11.91  100.00
  13.14  100.00
  14.49  100.00
  15.97  100.00
  17.62  100.00
  19.42  100.00
  21.42  100.00
  23.62  100.00
  26.04  100.00
  28.72  100.00
  31.66  100.00
  34.92  100.00
  38.50  100.00
  42.45  100.00
  46.81  100.00
  51.62  100.00
  56.92  100.00
  62.76  100.00
  69.21  100.00
  76.32  100.00
Under %
  84.15  100.00
  92.79  100.00
 102.3  100.00
 112.8  100.00
 124.4  100.00
 137.2  100.00
 151.3  100.00
 166.8  100.00
 183.9  100.00
 202.8  100.00
 223.6  100.00
 246.6  100.00
 271.9  100.00
 299.8  100.00
 330.6  100.00
 364.6  100.00
 402.0  100.00
 443.3  100.00
 488.8  100.00
 539.0  100.00
 594.3  100.00
 655.4  100.00
 722.7  100.00
 796.9  100.00
 878.7  100.00
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Calcined kaolinite 
 
 
 
 
 Particle size analysis
Particle Diameter (µm.)
%
0 
10 
 0
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
  0.01    0.1    1.0   10.0  100.0 Result: Histogram Table
ID: OMEY_CaCO3 Run No:    16 Measured: 
File: (Sample Not Sav ed) Analy sed: 7/24/2012 12:04PM
Path: C:\SIZERS\DATA\SONWABO\ Source: Av eraged
Range: 300RF mm Beam:  2.40 mm Sampler: Obs':  21.2 %
Presentation: 3THD Analy sis:  Poly disperse Residual:  3.119 %
Modif ications: None
Conc. =   0.0048 %Vol Density  =   2.700 g/cm 3^ S.S.A.=  1.1911 m 2^/g
Distribution: Volume D[4, 3] =    4.08 um D[3, 2] =    1.87 um
D(v , 0.1) =    0.75 um D(v , 0.5) =    3.37 um D(v , 0.9) =    7.39 um
Span = 1.971E+00 Unif ormity  = 7.283E-01
Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume
Under %
  0.055    0.00
  0.061    0.00
  0.067    0.00
  0.074    0.00
  0.082    0.00
  0.090    0.00
  0.099    0.00
  0.109    0.00
  0.121    0.00
  0.133    0.00
  0.147    0.00
  0.162    0.00
  0.178    0.00
  0.196    0.00
  0.217    0.00
  0.239    0.00
  0.263    0.00
  0.290    0.00
  0.320    0.02
  0.353    0.24
  0.389    0.65
  0.429    1.29
  0.473    2.18
  0.522    3.34
  0.576    4.80
Under %
  0.635    6.55
  0.700    8.57
  0.772   10.77
  0.851   12.99
  0.938   15.26
   1.03   17.60
   1.14   19.95
   1.26   22.27
   1.39   24.54
   1.53   26.77
   1.69   28.99
   1.86   31.25
   2.05   33.61
   2.26   36.13
   2.49   38.93
   2.75   42.06
   3.03   45.60
   3.34   49.62
   3.69   54.12
   4.07   59.18
   4.48   64.90
   4.94   70.93
   5.45   76.71
   6.01   81.89
   6.63   86.26
Under %
   7.31   89.66
   8.06   92.18
   8.89   93.96
   9.80   95.19
  10.81   96.04
  11.91   96.65
  13.14   97.10
  14.49   97.47
  15.97   97.81
  17.62   98.15
  19.42   98.48
  21.42   98.81
  23.62   99.11
  26.04   99.38
  28.72   99.60
  31.66   99.77
  34.92   99.90
  38.50   99.96
  42.45  100.00
  46.81  100.00
  51.62  100.00
  56.92  100.00
  62.76  100.00
  69.21  100.00
  76.32  100.00
Under %
  84.15  100.00
  92.79  100.00
 102.3  100.00
 112.8  100.00
 124.4  100.00
 137.2  100.00
 151.3  100.00
 166.8  100.00
 183.9  100.00
 202.8  100.00
 223.6  100.00
 246.6  100.00
 271.9  100.00
 299.8  100.00
 330.6  100.00
 364.6  100.00
 402.0  100.00
 443.3  100.00
 488.8  100.00
 539.0  100.00
 594.3  100.00
 655.4  100.00
 722.7  100.00
 796.9  100.00
 878.7  100.00
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Aluminium hydroxide (Al(OH)3) 
 
 
 
 
 
 
 
 Particle size analysis
Particle Diameter (µm.)
%
0 
10 
 0
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
  0.01    0.1    1.0   10.0  100.0
 Result: Histogram Table
ID: OMEY_CaCO3 Run No:    19 Measured: 
File: (Sample Not Sav ed) Analy sed: 7/24/2012 12:12PM
Path: C:\SIZERS\DATA\SONWABO\ Source: Av eraged
Range: 300RF mm Beam:  2.40 mm Sampler: Obs':  19.9 %
Presentation: 3THD Analy sis:  Poly disperse Residual:  4.009 %
Modif ications: None
Conc. =   0.0034 %Vol Density  =   2.700 g/cm 3^ S.S.A.=  1.5308 m 2^/g
Distribution: Volume D[4, 3] =    2.47 um D[3, 2] =    1.45 um
D(v , 0.1) =    0.68 um D(v , 0.5) =    2.04 um D(v , 0.9) =    4.93 um
Span = 2.087E+00 Unif ormity  = 6.658E-01
Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume
Under %
  0.055    0.00
  0.061    0.00
  0.067    0.00
  0.074    0.00
  0.082    0.00
  0.090    0.00
  0.099    0.00
  0.109    0.00
  0.121    0.00
  0.133    0.00
  0.147    0.00
  0.162    0.00
  0.178    0.00
  0.196    0.00
  0.217    0.00
  0.239    0.00
  0.263    0.00
  0.290    0.01
  0.320    0.05
  0.353    0.32
  0.389    0.84
  0.429    1.63
  0.473    2.73
  0.522    4.18
  0.576    6.02
Under %
  0.635    8.28
  0.700   10.97
  0.772   13.98
  0.851   17.14
  0.938   20.48
   1.03   24.04
   1.14   27.72
   1.26   31.48
   1.39   35.25
   1.53   39.01
   1.69   42.75
   1.86   46.50
   2.05   50.27
   2.26   54.09
   2.49   58.03
   2.75   62.13
   3.03   66.43
   3.34   70.96
   3.69   75.74
   4.07   80.71
   4.48   85.61
   4.94   90.13
   5.45   93.96
   6.01   96.83
   6.63   98.73
Under %
   7.31   99.80
   8.06  100.00
   8.89  100.00
   9.80  100.00
  10.81  100.00
  11.91  100.00
  13.14  100.00
  14.49  100.00
  15.97  100.00
  17.62  100.00
  19.42  100.00
  21.42  100.00
  23.62  100.00
  26.04  100.00
  28.72  100.00
  31.66  100.00
  34.92  100.00
  38.50  100.00
  42.45  100.00
  46.81  100.00
  51.62  100.00
  56.92  100.00
  62.76  100.00
  69.21  100.00
  76.32  100.00
Under %
  84.15  100.00
  92.79  100.00
 102.3  100.00
 112.8  100.00
 124.4  100.00
 137.2  100.00
 151.3  100.00
 166.8  100.00
 183.9  100.00
 202.8  100.00
 223.6  100.00
 246.6  100.00
 271.9  100.00
 299.8  100.00
 330.6  100.00
 364.6  100.00
 402.0  100.00
 443.3  100.00
 488.8  100.00
 539.0  100.00
 594.3  100.00
 655.4  100.00
 722.7  100.00
 796.9  100.00
 878.7  100.00
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Muscovite mica 
 
 
 
 
 
 
 
Particle size analysis
Particle Diameter (µm.)
%
0 
10 
20 
 0
10 
20 
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100 
  0.01    0.1    1.0   10.0  100.0
 Result: Histogram Table
ID: MICA Run No:    18 Measured: 2/24/2012 12:22PM
File: FILLERS Rec. No:   18 Analy sed: 2/24/2012 12:22PM
Path: C:\SIZERS\DATA\SONWABO\ Source: Analy sed
Range: 300RF mm Beam:  2.40 mm Sampler: None Obs':  19.6 %
Presentation: 3THD Analy sis:  Poly disperse Residual:  0.906 %
Modif ications: None
Conc. =   0.0465 %Vol Density  =   2.800 g/cm 3^ S.S.A.=  0.1304 m 2^/g
Distribution: Volume D[4, 3] =   37.50 um D[3, 2] =   16.43 um
D(v , 0.1) =    7.39 um D(v , 0.5) =   28.42 um D(v , 0.9) =   80.31 um
Span = 2.566E+00 Unif ormity  = 8.023E-01
Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume
Under %
  0.055    0.00
  0.061    0.00
  0.067    0.00
  0.074    0.00
  0.082    0.00
  0.090    0.00
  0.099    0.00
  0.109    0.00
  0.121    0.00
  0.133    0.00
  0.147    0.00
  0.162    0.00
  0.178    0.00
  0.196    0.00
  0.217    0.00
  0.239    0.00
  0.263    0.00
  0.290    0.00
  0.320    0.00
  0.353    0.00
  0.389    0.00
  0.429    0.00
  0.473    0.00
  0.522    0.00
  0.576    0.00
Under %
  0.635    0.00
  0.700    0.00
  0.772    0.00
  0.851    0.00
  0.938    0.00
   1.03    0.00
   1.14    0.04
   1.26    0.10
   1.39    0.16
   1.53    0.23
   1.69    0.30
   1.86    0.40
   2.05    0.53
   2.26    0.69
   2.49    0.90
   2.75    1.17
   3.03    1.51
   3.34    1.93
   3.69    2.45
   4.07    3.09
   4.48    3.85
   4.94    4.74
   5.45    5.79
   6.01    6.98
   6.63    8.32
Under %
   7.31    9.82
   8.06   11.47
   8.89   13.29
   9.80   15.32
  10.81   17.55
  11.91   19.99
  13.14   22.64
  14.49   25.48
  15.97   28.54
  17.62   31.79
  19.42   35.22
  21.42   38.82
  23.62   42.57
  26.04   46.45
  28.72   50.42
  31.66   54.48
  34.92   58.58
  38.50   62.71
  42.45   66.86
  46.81   71.00
  51.62   75.02
  56.92   78.84
  62.76   82.41
  69.21   85.69
  76.32   88.62
Under %
  84.15   91.17
  92.79   93.35
 102.3   95.15
 112.8   96.60
 124.4   97.74
 137.2   98.60
 151.3   99.25
 166.8   99.71
 183.9   99.97
 202.8  100.00
 223.6  100.00
 246.6  100.00
 271.9  100.00
 299.8  100.00
 330.6  100.00
 364.6  100.00
 402.0  100.00
 443.3  100.00
 488.8  100.00
 539.0  100.00
 594.3  100.00
 655.4  100.00
 722.7  100.00
 796.9  100.00
 878.7  100.00
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APPENDIX B 
 
Regression outputs for the ceramifiable EVA/PDMS composites without di-
ammonium hydrogen phosphate 
 
Table 1B:  Summary of the measured and predicted ceramic flexural strength, 
residuals and 95% prediction intervals correct to two decimal places. 
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1 0.82 0.79 0.03 0.19 0.07 0.33 
2 0.84 0.79 0.05 0.38 0.07 0.33 
3 1.21 1.39 -0.18 -1.57 0.08 0.34 
4 1.00 1.12 -0.12 -1.12 0.07 0.32 
5 0.54 0.56 -0.02 -0.16 0.09 0.34 
6 0.70 0.91 -0.21 -1.94 0.07 0.32 
7 0.58 0.45 0.13 1.18 0.08 0.34 
8 0.65 0.67 -0.02 -0.23 0.06 0.32 
9 0.69 0.81 -0.12 -1.05 0.08 0.34 
10 0.56 0.57 0.01 0.00 0.10 0.36 
11 1.03 1.05 -0.02 -0.21 0.10 0.36 
12 1.46 1.29 0.17 1.52 0.09 0.35 
13 1.46 1.26 0.20 1.81 0.10 0.35 
14 0.87 0.93 -0.06 -0.57 0.09 0.35 
15 1.02 1.03 -0.01 -0.07 0.11 0.37 
16 0.83 0.97 -0.14 -1.29 0.09 0.35 
17 1.11 1.12 -0.01 -0.09 0.07 0.32 
18 1.07 0.97 0.10 0.93 0.09 0.35 
19 1.22 1.19 0.03 0.21 0.07 0.32 
20 1.18 1.10 0.08 0.73 0.08 0.33 
21 1.10 1.10 0.00 -0.05 0.08 0.33 
22 1.12 0.96 0.16 1.46 0.07 0.32 
23 0.97 1.11 -0.14 -1.26 0.10 0.36 
24 1.27 1.11 0.16 1.39 0.05 0.31 
25 1.17 1.19 -0.02 -0.19 0.07 0.32 
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Table 2B:  Summary of the measured and predicted tensile strength (MPa), residuals 
and 95% prediction intervals. 
 
c
o
m
p
o
s
it
e
 
o
b
s
e
rv
e
d
 
te
n
s
ile
 
s
tr
e
n
g
th
 (
M
P
a
) 
p
re
d
ic
te
d
 
te
n
s
ile
 
s
tr
e
n
g
th
 (
M
P
a
) 
O
b
s
e
rv
e
d
 
L
n
 
(t
e
n
s
ile
 
s
tr
e
n
g
th
) 
(M
P
a
) 
P
re
d
ic
te
d
 
L
n
 
(t
e
n
s
ile
 
s
tr
e
n
g
th
) 
(M
P
a
) 
R
e
s
id
u
a
ls
 
S
ta
n
d
a
rd
 
re
s
id
u
a
ls
 
S
td
. 
E
rr
o
r 
9
5
%
 
p
re
d
ic
ti
o
n
 
in
te
rv
a
l 
(±
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1 5.23 5.23 1.65 1.66 0.00 -0.02 0.05 0.21 
2 5.18 5.23 1.65 1.66 -0.01 -0.12 0.05 0.21 
3 5.51 6.27 1.71 1.84 -0.13 -1.58 0.06 0.22 
4 5.70 5.80 1.74 1.76 -0.02 -0.22 0.04 0.20 
5 7.01 6.66 1.95 1.90 0.05 0.62 0.06 0.22 
6 5.44 6.17 1.69 1.82 -0.12 -1.53 0.04 0.20 
7 5.96 5.87 1.78 1.77 0.01 0.17 0.06 0.22 
8 6.01 6.34 1.79 1.85 -0.05 -0.65 0.04 0.19 
9 5.59 5.38 1.72 1.68 0.04 0.47 0.06 0.22 
10 5.20 5.00 1.65 1.61 0.04 0.48 0.07 0.23 
11 5.50 5.98 1.71 1.79 -0.08 -1.01 0.06 0.22 
12 7.28 6.77 1.99 1.91 0.07 0.88 0.05 0.21 
13 6.57 5.71 1.88 1.74 0.14 1.72 0.06 0.22 
14 6.34 6.86 1.85 1.93 -0.08 -0.97 0.06 0.22 
15 6.35 6.13 1.85 1.81 0.03 0.43 0.07 0.23 
16 5.39 5.60 1.69 1.72 -0.04 -0.46 0.05 0.21 
17 5.84 5.80 1.76 1.76 0.01 0.09 0.04 0.20 
18 5.47 5.60 1.70 1.72 -0.02 -0.28 0.05 0.21 
19 8.55 8.27 2.15 2.11 0.03 0.41 0.05 0.21 
20 6.17 6.20 1.82 1.83 -0.01 -0.06 0.05 0.21 
21 6.18 6.20 1.82 1.83 0.00 -0.05 0.05 0.21 
22 7.15 6.78 1.97 1.91 0.05 0.65 0.05 0.20 
23 8.53 8.65 2.14 2.16 -0.01 -0.18 0.07 0.22 
24 6.67 6.16 1.90 1.82 0.08 0.97 0.04 0.19 
25 8.44 8.27 2.13 2.11 0.02 0.25 0.05 0.21 
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Table 3B:  Summary of the observed and predicted elongation (%), residuals and 
95% prediction intervals. 
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1 730 618 112 1.5 35 174 
2 600 618 -18 -0.2 35 174 
3 683 732 -49 -0.6 40 178 
4 710 582 128 1.7 33 172 
5 658 652 6 0.1 43 182 
6 547 656 -109 -1.5 31 170 
7 753 688 65 0.9 43 182 
8 545 659 -114 -1.5 28 168 
9 740 680 60 0.8 42 181 
10 730 760 -30 -0.4 46 184 
11 753 741 12 0.2 47 186 
12 752 728 24 0.3 40 179 
13 731 660 71 0.9 43 181 
14 593 556 37 0.5 40 179 
15 745 675 70 0.9 44 183 
16 513 555 -42 -0.6 40 178 
17 563 582 -19 -0.2 33 172 
18 487 555 -68 -0.9 40 178 
19 498 545 -47 -0.6 39 178 
20 447 479 -32 -0.4 39 177 
21 562 479 83 1.1 39 177 
22 623 659 -36 -0.5 37 176 
23 620 640 -20 -0.3 57 198 
24 508 579 -71 -1.0 28 169 
25 530 545 -15 -0.2 39 178 
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APPENDIX C 
 
Regression outputs for the ceramifiable EVA/PDMS composite samples with 
di-ammonium hydrogen phosphate 
 
Table 1C:  Regression output obtained for the ceramic flexural strength results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Value
Multiple R 0.97
Multiple R² 0.95
Adjusted R² 0.93
F(7,29) 71.78
p 0.00
Std.Err. of Estimate 0.11
b Std.Err. t(29) p-value
A 0.02 0.02 1.47 0.15
B 0.00 0.02 -0.07 0.94
C -0.03 0.02 -1.35 0.19
D 0.00 0.02 -0.04 0.97
E 0.39 0.17 2.24 0.03
F -0.04 0.02 -2.21 0.04
AE -0.01 0.00 -2.07 0.05
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Table 2C:  Summarized regression results for ceramic flexural strength 
 
 
 
 
 
 
 
Observed 
flexural 
strength 
(Mpa)
Predicted 
flexural 
strength 
(Mpa)
Residuals Standard 
residuals
Std.Err. 95% 
predicti
on 
interval 
(±)
1 0.47 0.68 -0.21 -1.93 0.05 0.24
2 0.39 0.30 0.08 0.75 0.04 0.24
3 0.41 0.43 -0.02 -0.19 0.04 0.23
4 0.39 0.47 -0.08 -0.74 0.05 0.24
5 0.26 0.24 0.02 0.20 0.05 0.24
6 0.66 0.48 0.18 1.68 0.04 0.24
7 0.62 0.40 0.22 2.05 0.05 0.24
8 0.40 0.33 0.07 0.69 0.04 0.24
9 0.32 0.37 -0.05 -0.44 0.05 0.25
10 0.27 0.29 -0.02 -0.17 0.04 0.24
11 0.22 0.29 -0.08 -0.70 0.04 0.24
12 0.44 0.52 -0.08 -0.72 0.05 0.25
13 0.64 0.64 0.00 -0.04 0.05 0.25
14 0.46 0.52 -0.06 -0.54 0.04 0.23
15 0.27 0.28 0.00 -0.04 0.05 0.24
16 0.72 0.48 0.24 2.21 0.05 0.24
17 0.22 0.30 -0.08 -0.78 0.04 0.24
18 0.41 0.43 -0.02 -0.15 0.04 0.23
19 0.15 0.28 -0.13 -1.17 0.05 0.24
20 0.35 0.37 -0.01 -0.13 0.05 0.25
21 0.29 0.40 -0.12 -1.08 0.08 0.27
22 0.34 0.30 0.04 0.38 0.05 0.24
23 0.46 0.34 0.12 1.10 0.05 0.24
24 0.39 0.40 -0.02 -0.14 0.05 0.24
25 0.32 0.24 0.08 0.74 0.05 0.24
26 0.42 0.48 -0.06 -0.52 0.04 0.24
27 0.86 0.72 0.14 1.30 0.06 0.25
28 0.50 0.41 0.10 0.90 0.06 0.25
29 0.34 0.33 0.02 0.14 0.04 0.24
30 0.16 0.23 -0.07 -0.64 0.03 0.23
31 0.31 0.38 -0.07 -0.62 0.04 0.23
32 0.19 0.31 -0.11 -1.05 0.05 0.24
33 0.46 0.52 -0.05 -0.50 0.05 0.25
34 0.21 0.23 -0.01 -0.12 0.03 0.23
35 0.24 0.20 0.03 0.30 0.05 0.24
36 0.20 0.20 -0.01 -0.05 0.05 0.24
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Table 3C:  Regression output obtained for the post-cure tensile strength results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Value
Multiple R 0.995
Multiple R² 0.991
Adjusted R² 0.989
F(7,29) 444.73
p 0.000
Std.Err. of Estimate 0.47
b Std.Err. t(29) p-value
A 0.18 0.03 6.35 0.00
B -0.64 0.22 -2.93 0.01
C -0.03 0.05 -0.65 0.52
D 0.11 0.04 2.39 0.02
E -0.64 0.28 -2.32 0.03
F 0.02 0.04 0.48 0.63
BE 0.07 0.03 2.48 0.02
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Table 4C:  Summarized regression results for the post-cure tensile strength results 
 
 
 
 
Observed 
tensile 
strength 
(Mpa)
Predicted 
tensile 
strength 
(Mpa)
Residuals Standard 
residuals 
Std.Err. 95% 
prediction 
intervals 
(±) 
1 3.68 3.76 -0.08 -0.17 0.22 1.05
2 3.70 3.90 -0.21 -0.45 0.20 1.04
3 4.19 4.50 -0.30 -0.65 0.16 1.01
4 3.76 4.24 -0.48 -1.03 0.22 1.05
5 4.57 4.55 0.02 0.04 0.21 1.04
6 4.52 4.12 0.40 0.86 0.17 1.02
7 4.98 4.89 0.09 0.20 0.21 1.05
8 5.15 4.95 0.20 0.42 0.15 1.01
9 6.16 5.41 0.76 1.62 0.23 1.06
10 5.38 4.98 0.40 0.86 0.18 1.02
11 5.45 4.98 0.47 1.01 0.18 1.02
12 3.52 3.58 -0.05 -0.11 0.25 1.08
13 3.40 3.81 -0.41 -0.88 0.24 1.08
14 5.20 4.27 0.92 1.97 0.20 1.04
15 3.92 4.51 -0.58 -1.25 0.21 1.05
16 3.95 4.06 -0.11 -0.23 0.23 1.06
17 3.79 3.90 -0.11 -0.24 0.20 1.04
18 4.09 4.50 -0.41 -0.88 0.16 1.01
19 4.28 4.51 -0.22 -0.48 0.21 1.05
20 3.79 3.86 -0.07 -0.15 0.24 1.07
21 3.43 2.93 0.50 1.07 0.24 1.07
22 3.80 3.22 0.57 1.22 0.22 1.06
23 3.64 4.64 -1.00 -2.14 0.22 1.05
24 4.52 4.89 -0.37 -0.78 0.21 1.05
25 4.28 4.55 -0.28 -0.59 0.21 1.04
26 4.75 4.12 0.63 1.35 0.17 1.02
27 2.74 3.13 -0.38 -0.82 0.24 1.07
28 3.70 3.61 0.09 0.19 0.22 1.05
29 4.37 4.95 -0.58 -1.25 0.15 1.01
30 4.84 4.93 -0.09 -0.19 0.14 1.00
31 4.61 4.07 0.55 1.17 0.19 1.03
32 5.06 5.00 0.05 0.12 0.24 1.07
33 3.15 3.42 -0.27 -0.59 0.23 1.07
34 5.27 4.93 0.34 0.72 0.14 1.00
35 4.62 4.62 0.00 0.01 0.23 1.06
36 4.63 4.62 0.02 0.03 0.23 1.06
